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The Pickett Mountain deposit is a volcanogenic massive sulfide (VMS) base-metal deposit
located 15 miles north of Patten, ME. The deposit, discovered in 1979, was abandoned in 1989. The
deposit remained abandoned until 2017, when Wolfden Mt. Chase LLC purchased the land for further
development after Maine mining regulations changed. This project is a collaboration between the
University of Maine, the University of Maine – Presque Isle, Wolfden Resources Corp., and the
University of New Brunswick to better understand the regional and deposit-scale geology related to the
deposit to fill in gaps of the geologic story of northern Maine as well as potentially guide massive sulfide
exploration around Pickett Mountain and the state of Maine.
Located in the southeast limb of the Weeksboro-Lunksoos Lake Belt (WLLB) of northern Maine
the deposit is a part of the broader Ordovician Northern Maine Volcanic Belt (NMVB). Field mapping,
drill core examination, and petrographic analysis confirm and add to the knowledge of how the various
pyroclastic, igneous, and sedimentary rock units are correlated. The deposit host stratigraphy is composed
of Cambrian Grand Pitch sedimentary rocks overlain by Ordovician pyroclastic and igneous rocks that are
interpreted to be an extension of the Ganderian basement and Peri-Gondwanan arc-back-arc inliers that

make up the Gander Terrane, which hosts the world-class VMS district, the Bathurst Mining Camp
(BMC), auguring well for the economic potential Maine.
Whole-rock lithogeochemistry helps further characterize and differentiate the altered pyroclastic
host rocks; whole-rock concentrations and ratios of selected immobile elements were used from 35 drill
holes around the deposit to accomplish this. The volcanic host rocks have transitional-tholeiitic magmatic
affinities and volcanic-arc- extensional tectonic affinities, consistent with the deposit forming within a
continental back-arc basin. Immobile element ratios (Zr/TiO2, Y/TiO2, TiO2/Al2O3, and Zr/Al2O3), are
used to differentiate the stratigraphy into three, otherwise undetectable, chemostratigraphic units.
Several drill holes from the Pickett Mountain deposit were selected for detailed, systematic
portable X-ray fluorescence (pXRF) analysis to assess the capability of the technology to serve as a
reliable and cost/time effective alternative to conventional methods of geochemical data acquisition.
Results, though limited by the absence of Y, are consistent with those from the whole-rock
lithogeochemical data and prove the technology is a reliable tool for exploration.
Zircon U-Pb analysis using LA-ICP-MS method was performed on two samples, collected from
the footwall and hanging wall of the deposit. Results yielded weighted mean 206Pb/238U ages of 485 ± 2
Ma for a footwall felsic quartz-crystal lapilli tuff sample and 481 ± 3 Ma for a hanging wall rhyolite
sample, proving to be around 12 my older than the only other age obtained from the WLLB (467 ± 5 Ma;
Ayuso et al., 2003).
The stratigraphy, lithogeochemistry, and geochronology of this study adds to the understanding of
Maine’s geology and potential for VMS mineral resources. Use and assessment of pXRF proves the
method as a cost-effective and reliable lithogeochemistry alternative in this ongoing process of
illuminating pieces to the puzzle of Maine’s geology and exploration for mineral resources.
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CHAPTER 1
INTRODUCTION

1.1. Purpose of Study
The Pickett Mountain deposit, located in the Weeksboro-Lunksoos Lake Belt (WLLB) of
northern Maine, is critical in developing the understanding of Maine’s mineral resources and regional
geology. The goals of this study are: (1) to characterize the tectonic and depositional settings, (2) to
differentiate and identify lithological units, alteration patterns, and protoliths, (3) to produce updated
regional and deposit-scale bedrock geologic maps, and (4) to constrain the timing of massive sulfide
deposition of the Pickett Mountain deposit and host volcanic rocks. These goals are aimed at better
understanding of the geologic, chemostratigraphic, and geochronological characteristics of the Pickett
Mountain deposit, which in turn better informs the broader scale geology of Maine and guide future
exploration for additional massive sulfide deposits around the Pickett Mountain deposit and state of
Maine.
1.2. Volcanogenic Massive Sulfide Deposits
Also known as volcanic-hosted massive sulfide (VHMS) deposits, volcanogenic massive sulfide
(VMS) deposits typically occur as stratabound, and often stacked, lenses of polymetallic sulfides formed
at or near the ocean floor within a submarine, volcanic environment (Figure 1.1) (Lydon, 1988; Galley et
al., 2007). Thinning of the crust in extensional environments, such as island-arcs, oceanic ridges, and
back-arcs, provide the temperature gradient necessary to initiate convection cells of hydrothermal fluids
through oceanic floor rocks, which becomes enriched in base and precious metals (Galley et al., 2007;
Shanks and Thurston, 2012). The convection of these fluids is directed up toward the cold seafloor, where
the metals decrease their solubility, precipitating out as sulfide minerals – pyrite, galena, chalcopyrite,
sphalerite, etc. The asymmetrical architecture of a VMS deposit exhibits stratabound mounds, which often
can be stacked from intermittent volcanic activity, of layered, massive sulfides that are stratigraphically
1

underlain by a discordant stockwork or stringer zone (Lydon, 1988) of interconnected sulfide-rich veins.
These deposits are formed within stratigraphic sequences of subaqueous sedimentary and/or
volcaniclastic host rocks, typically exhibiting sharp contacts with the hanging-wall rocks and gradational
contacts with the footwall rocks (Lydon, 1988). Halos of alteration facies within, but not limited to, the
footwall host rocks characteristically envelop the stockwork pipe (Galley et al., 2007). VMS deposits,
especially within the Bathurst Mining Camp (BMC), are typically intensely deformed and
metamorphosed through multiple events of collision related to tectonic closure of ocean basins via
subduction (Goodfellow, 2003a; 2007). VMS deposits can vary in size, from scattered pods (less than a
ton) to supergiants like the 1.5 Bt (billion metric tons) Rio Tinto deposit in Spain, the 300 Mt (million
metric tons) Kholodnina deposit in Russia, and the 230 Mt Brunswick No. 12 deposit in New Brunswick,
Canada (Galley et al., 2007).

Figure 1.1. Schematic view of the TAG sulfide deposit, a modern analog of Cyprus-type VMS deposits, at
the Mid-Atlantic Ridge. The representative cross-section shows concentrated circulation of hydrothermal
fluids into a brecciated, silicified, pyritic stringer zone (9) surrounded by a gradational halo of alteration
(8). The fluid moves towards the surface and primarily vents out of black smoker complexes (1) and
secondarily out of white smokers (2), where the sulfides in solution are no longer soluble and precipitate
and settle into thin lenses (5) on the seafloor. Diagram from Hannington et al. (1998) and modified from
Galley et al. (2007).
2

1.2.1. Classification of VMS Deposits
A useful practice in VMS study and exploration is to classify each deposit according to a number
of different parameters that have been developed. VMS deposit are grouped according to three
parameters: (1) content of base metals (Franklin et al., 1981; Large, 1992; Franklin et al., 2005), (2)
content of precious metal gold (Au) (Hannington et al., 1995; Poulsen and Hannington, 1995; Sillitoe et
al., 1996), and (3) lithology of host rocks (Barrie and Hannington, 1999; Franklin et al., 2005). The most
common grouping is based on the base metals, where deposits are divided into Zn-Pb-Cu, Zn-Cu, and CuZn groups (based on contained ratios of Zn, Pb, and Cu metal) (Galley et al., 2007). Classification by Au
content (ppm) versus Zn+Pb+Cu (wt.%) simply divides VMS deposits into Au-rich and normal deposits
(Galley et al., 2007). The third classification scheme, which is growing in popularity and application in
economic geology, is the lithology of deposit host rocks. Based on host rock lithology, there are six
deposit types: (1) mafic-backarc, (2) bimodal-mafic, (3) bimodal-felsic, (4) felsic-siliciclastic, (5) peliticmafic, and (6) hybrid bimodal-felsic (Barrie and Hannington, 1999; Franklin et al., 2005). These
classification groups have been developed as more information has been discovered and collected on
VMS deposits with time.
1.2.2. VMS Research History
VMS deposits were initially thought to be epigenetic to volcanism. In the 1960’s they were
reinterpreted as syngenetic deposits after the discovery of the Brunswick No. 6 deposit in the BMC
(McCutcheon, 2003; McCutcheon et al., 2005a; Shanks and Thurston, 2012). The acceptance and
application of the plate tectonics theory replaced the geosynclinal theory in the 1960’s and 1070’s, and
VMS deposits of the BMC were interpreted as comparable to the Kuroko deposits in Japan (Goodfellow
et al., 1974; Ishihara, 1974; McCutcheon, 2003). Technological advances and application of stream/soil
geochemical surveys, ground/airborne geophysical surveys, diamond core drilling, and lithogeochemistry
have all greatly improved knowledge regarding the genesis, classification, and exploration of VMS
deposits.
3

1.2.3. Economic Importance
Today’s technological world is highly dependent on mineral resources. Major components for the
manufacturing of electronics and industrial materials are base metals. VMS deposits are some of the
world’s best and earliest mined geologic settings of base metal ore due to their high grades and relatively
ease of mining (Shanks and Thurston, 2012). They are desirable for their ability to provide security
against the fluctuation of metal prices because they are major sources of Zn, Cu, Pb, Ag, and Au; and
important sources for Co, Sn, Se, Mn, Cd, In, Bi, Te, Ga, and Ge (e.g., Galley et al., 2007; Shanks and
Thurston, 2012). The exploration and study of VMS deposits are well developed in the BMC, a worldclass system of VMS deposits in New Brunswick, Canada (e.g., Lydon, 1988; Goodfellow, 2003a;
McCutcheon, 2003; Galley et al., 2007; Goodfellow, 2007; Piercey, 2010; McCutcheon and Walker,
2019). There are a few known VMS deposits in Maine, including Bald Mountain, Alder Pond, Ledge
Ridge, and Pickett Mountain, that were discovered in the 1970s and 1980s. Research and development of
the Pickett Mountain deposit serves to better understand the mineral resources in Maine and guide future
exploration for potential, unknown VMS deposits.
1.3. Pickett Mountain Deposit Background
The Pickett Mountain deposit, formerly known as the Mt. Chase deposit, is located about 15
miles north of Patten, Maine (Figure 1.2). Pickett Mountain is a polymetallic VMS deposit with Zn, Pb,
Cu, and some Au and Ag (Scully, 1989). Figure 1.3 shows the timeline of events from the discovery to
the current development and exploration of the Pickett Mountain deposit. Getty Mines Ltd discovered the
deposit through regional soil sampling in 1979. Chevron Ltd took over Getty Mines Ltd in 1984. In 1989,
Michael Scully completed his M.Sc. thesis on the deposit through the University of Missouri-Rolla.
Chevron Ltd allowed the lease on the property to expire when the company abandoned metal exploration
in 1989. Over this period, Getty Mines Ltd and Chevron Ltd drilled 111 holes (34,058 m) (Bakker et al.,
2019). The United States Geological Survey (USGS) conducted a geochronological and Pb isotopic

4

analysis in 2003, which included the volcanic host rocks of the Pickett Mountain deposit (Shanks and
Thurston, 2012).

Figure 1.2. Location of the Pickett Mountain deposit

In 2017, the State of Maine Legislature passed the bill LD 820 that set forth a robust and strict set
of environmental and economic rules for mining after several years of rejecting weak regulations (L.D.
820: An Act To Protect Maine’s Clean Water and Taxpayers from Mining Pollution, 2017). Having
passed, LD 820 has opened Maine to mining that strictly follows the regulations set forth in the bill. The
decision in 2017 allowed the Canadian exploration and development company, Wolfden Mt. Chase LLC,
to purchase the Pickett Mountain deposit property for a multi-year commitment of exploration and
development. Since acquiring the property, Wolfden Mt. Chase LLC has conducted extensive diamond
core drilling (38 drill holes totaling 15,451 m as of 2018, 17 drill holes totaling 5,617 m in 2020), ground
and airborne geophysical surveys (VTEM™, ground TDEM, bore-hole TDEM, and ground induced
5

polarization), geologic mapping, and surface prospecting in the effort to understand the size and
complexity of the deposit (Bakker et al., 2019). Despite Pickett Mountain’s small size (2.05 Mt indicated
as of 2019), a mineral resource statement for the deposit, in 2019, shows the deposit’s exceptionally high
grades of ore (9.88% Zn, 3.93% Pb, 1.38% Cu, 101.5 g/t Ag, and 0.92 g/t Au) that make the deposit one
of North America’s highest grade, undeveloped VMS deposits (Bakker et al., 2019). Most recently, in
2020, Wolfden Mt. Chase LLC applied for the rezoning of the deposit property to become an
underground mine.

Figure 1.3. Timeline of the Pickett Mountain deposit from its discovery in 1979 to Wolfden Mt. Chase
LLC applying to rezone the deposit property for underground mining in 2020. The figure shows data,
from the mineral resource statement produced by Wolfden Mt. Chase LLC, in 2019, for indicated tonnage
and ore grades for the Pickett Mountain deposit. Mt = million metric tons

6

1.4. Lithogeochemistry
The goals of this project, with respect to lithogeochemistry, are: (1) to better understand the
tectonic and depositional environments, (2) to differentiate stratigraphic units at various scales, (3) to
identify alteration patterns, and (4) to identify/differentiate protoliths of the heavily altered rocks of the
Pickett Mountain polymetallic deposit. The use of lithogeochemistry, particularly within VMS deposit
exploration, has become a crucial tool for determining tectonic and depositional environments, redox
conditions during deposition, differentiating stratigraphic units at regional and deposit scales, as well as
identifying alteration patterns and protoliths.
The redox conditions of ambient seafloor depositional environments can be determined via
lithogeochemical analysis of marine shales (Goodfellow, 1987; Lentz et al., 1996b; McClenaghan et al.,
2006; Goodfellow, 2007; Piercey et al., 2016). Varying periods of a stratified water column with an
anoxic bottom, to well oxygenated, and back to stratified/anoxic conditions have been proposed for the
Tetagouche-Exploits back-arc basin (Goodfellow, 2007). Understanding the basin-scale redox conditions
in relation to periods of volcanic activity can be very helpful to understanding the regional-and-deposit
scale characteristics of Pickett Mountain, as well as providing a more complete set of tools to guide
exploration.
Whereas the other lithogeochemical goals mentioned are very useful for characterizing a deposit
and steering exploration, the differentiation and classification of stratigraphic units at the deposit scale are
most important to developing a deposit and exploration around it. From the 1960s to present day, the use
of lithogeochemistry has helped differentiate and classify rocks within the stratigraphy of deposits (e.g.,
Baragar, 1966; Irvine and Baragar, 1971; Floyd and Winchester, 1978; Lesher et al., 1986a; MacLean and
Barrett, 1993; Lentz et al., 1996b; Lentz, 1998; Downey, 2006; Downey et al., 2006; McClenaghan et al.,
2006; Mireku and Stanley, 2006; Wills et al., 2006; Hastie et al., 2007; Shanks and Thurston, 2012;
Hokka, 2020). Due to intense alteration and deformation, parts of the Pickett Mountain deposit
stratigraphy remain ambiguous. Combined with petrographic work, on thin sections, lithogeochemistry
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will greatly improve our understanding of the sequence of volcanic activity and how the massive sulfides
relate to that sequence.
Identifying hydrothermal and metamorphic alteration is important to understanding the
characteristics of VMS deposits as well as guiding exploration. For example, most deposits within the
BMC have associated zones of pre- and post-ore hydrothermal alteration. The detailed documentation of
these alteration zones has only been well-described for a handful of deposits in the BMC (e.g., Brunswick
#12, Brunswick #6, Heath Steele, and Caribou) (Goodfellow, 2007). Quantifying and identifying zones of
hydrothermal alteration in and around Pickett Mountain will help untangle the complex deformation the
deposit has experienced.
Studies on VMS deposits, globally and particularly within the BMC, inform and guide the work
on the Pickett Mountain deposit in Maine. The combination of major- and trace-geochemical information,
at various scales of a deposit, are invaluable in developing known deposits, as well as exploring for
potential deposits.
1.4.1. Application/History of Lithogeochemistry
Studies have developed methodologies, using the whole-rock geochemistry, to differentiate and
characterize igneous and volcanic rocks (Baragar, 1966; Irvine and Baragar, 1971; Pearce and Cann,
1973; Miyashiro, 1974; Floyd and Winchester, 1975; Winchester and Floyd, 1976; Condie, 1976;
Winchester and Floyd, 1977; Floyd and Winchester, 1978 to name a few). Major elements (Si, K, Na, Ca,
Na, P, Ti, and Fe) are useful for differentiating volcanic rock types and tectonic affinities (Baragar, 1966;
Irvine and Baragar, 1971; Lesher et al., 1986a). However, Ti and Al excluded, these elements are wellknown to be very mobile during hydrothermal alteration and metamorphic events (Condie, 1976;
Winchester and Floyd, 1977; Finlow-Bates and Stumpfl, 1981; Jenner, 1996).
The high-field strength elements (HFSE) (Al, Ti, Nb, Th, Zr, Y) and rare earth elements (REE)
provide discrimination methods that can cut through the effects of alteration (Finlow-Bates and Stumpfl,
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1981; MacLean and Kranidiotis, 1987; Downey, 2006; Jenner, 1996). The HFSE, due to their high ionic
potential (ratio of ionic charge to ionic radius), tend to be very immobile during the mass transfer
processes of hydrothermal alteration and metamorphic events (White, 2011). REEs are not only highly
immobile during hydrothermal alteration and metamorphic events (Condie, 1976; Lesher et al., 1986a;
White, 2011), but are also incompatible within solid phases in the mantle (Condie, 1976; Piercey, 2010;
White, 2011). REE incompatibility is very important in discriminating tectonic environments by
quantifying, in relation to chondritic meteorite values, REE compositional changes during magmatic
differentiation (Piercey, 2010).
The tectonic setting of the BMC is interpreted to be analogous to the Sea of Japan back-arc basin
(van Staal, 1994; Ayuso and Schulz, 2003; van Staal et al., 2003; McCutcheon et al., 2005b). This
regional setting was subdivided, based on lithogeochemistry and geochronology, into its broadly coeval,
volcanic-sedimentary stratigraphic blocks (the Tetagouche, California Lake, Sheephouse Brook, and
Fournier groups) and the underlying Miramichi Group (McCutcheon, 2003; McCutcheon et al., 2005b;
Goodfellow, 2007). These groups span various parts of the ensialic-ensimatic Tetagouche-Exploits backarc basin, and the Tetagouche Group has been interpreted to be contemporaneous with the Ordovician
volcanic rocks that host the Bald Mountain and Pickett Mountain deposits in Maine (Ayuso and Schulz,
2003; van Staal et al., 2003; Goodfellow, 2007). This project’s addition of lithogeochemical data for the
Pickett Mountain deposit can help corroborate this interpretation and better constrain their exact relations
with the stratigraphic blocks of the BMC.
1.4.2. Considerations in the application of Portable X-ray Fluorescence
Portable X-ray fluorescence (pXRF) and whole-rock analysis are the major tools used in this
project for discerning and identifying the tectonic and depositional environments, various stratigraphic
units and alteration patterns, and protoliths of the heavily altered rocks of the Pickett Mountain deposit.
The use of pXRF has become increasingly popular, especially in the field of mineral exploration, since
the introduction of prototypes in the late 1970s and early 1980s (Lemière, 2018). pXRF application has
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become such a popular tool because analyses are time efficient, low cost, non-destructive, in situ, and
semi-quantitative; data acquisition is immediate allowing for shorter time frames of collection, correction,
and interpretation (Fisher et al., 2014).
Despite the positive aspects of using pXRF versus using conventional XRF, there are issues
revolving around quality assurance and quality control (QA/QC) and workflow protocols for pXRF. Hall
(2011; 2013) and Fisher (2014) discuss in detail the numerous considerations (sample type, sample prep,
instrument selection, integration time and number of analyses per sample, reference and blank material
selection for QA/QC, correction of raw data, etc.) that must be addressed to maximize the quality of data
produced. Without these considerations addressed, pXRF geochemical results are merely semiquantitative, preliminary data that can only point to areas that should be further analyzed by other
methods. This study is aimed to develop a workflow of pXRF data collection and processing that would
incorporate the methodologies from Hall (2011; 2013) and Fisher (2014) as to maximize the quality and
quantity of lithogeochemical data for the Pickett Mountain deposit.
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CHAPTER 2
TECTONIC AND GEOLOGICAL BACKGROUND
2.1. Tectonic Setting
The Pickett Mountain deposit is situated within the northern Appalachian orogenic belt. The
accretionary, orogenic events (Ordovician - Taconic-Penobscottian, Silurian - Salinic, Devonian Acadian, and Permian - Alleghanian), record closures of volcanic back-arc basins, collision of continental
margins, and thrusting and napping as Gondwana progressively collided with Laurentia. Closure of the
Iapetus and Rheic oceans accreted various tectonostratiraphic terranes that make up the northern
Appalachians. These terranes are interpreted and subdivided to be peri-Laurentian (Humber and
Dunnage) and peri-Gondwanan (Ganderia, Avalonia, and Meguma) (Hatcher, 2010; van Staal et al.,
2012a; Condie, 2013).
The Pickett Mountain deposit is specifically located within the Ganderia, which as a periGondwanan terrane, formed coevally due to rifting of Laurentia and Gondwana (~505-495 Ma) on the
northwest margin of Gondwana. The Gander terrane extends from New England, through New Brunswick
and Newfoundland (Figure 2.1). The leading edge of Ganderia developed Ordovician, bimodal volcanic
arc and back-arc systems (van Staal et al., 2012a). This Ordovician volcanic arc-back-arc system within
the Gander terrane is interpreted to have formed in a Sea of Japan-type back-arc environment (van Staal,
1994; van Staal et al., 2003) beginning with Early Ordovician rifting of the ensialic Popelogan arc and
ending with Late Ordovician-Early Silurian, northwest-directed subduction.
Studies in the BMC have coined this Sea of Japan-type back-arc basin as the “TetagoucheExploits back-arc basin”, and have subdivided and differentiated it into the Tetagouche, California Lake,
and Sheephouse Brook blocks, which formed during continental rifting, and the mafic Fournier block that
formed during the transitional phase of back-arc development. Unconformably underlying these units
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(collectively called the Bathurst Supergroup), is the sedimentary Miramichi Group (van Staal, 1994; van
Staal et al., 2003; McCutcheon et al., 2005b; Goodfellow, 2007).

Figure 2.1. Generalized lithotectonic map of the Gander Terrane extending through Newfoundland, New
Brunswick, and Maine. Within the Gander Terrane, there are Ordovician Peri-Gondwanan, arc/back-arc
volcanics. Included are the names, sizes, and ore grades of a few of the major VMS deposits within the
Gander Terrane.

The many VMS deposits of the BMC are found within the Cambro-Ordovician volcanics of the
Tetagouche-Exploits back-arc basin, within the larger Gander terrane. The VMS deposits of Maine are
found in Cambro-Ordovician arc-back-arc volcanic “inliers” (i.e., the Munsungun-Winterville, Castle
Hill, Lobster Mountain, and Weeksboro-Lunksoos Lake Belt (WLLB) inliers) that are genetically linked
to those of the BMC, in the Gander terrane (Figure 2.2). These inliers are collectively called the Northern
Maine Volcanic Belt (NMVB) (Berry IV and Osberg, 1989; Winchester and van Staal, 1994; Ludman et
al., 2017), which stretches from the southwest border with New Hampshire through Winterville, Maine,
and have been interpreted to have occurred in settings that directly correlate to the Ordovician volcanics
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of the Tetagouche-Exploits arc-back-arc system in the BMC (Winchester and van Staal, 1994; Ayuso et
al., 2003; Ayuso and Schulz, 2003; Schulz and Ayuso, 2003).
More detailed accounts discuss the use of paleogeography (Murphy and Keppie, 2005; Hibbard et
al., 2006; van Staal et al., 2012b; Willner et al., 2014), geochemistry (Ayuso et al., 2003; Ayuso and
Schulz, 2003; Schulz and Ayuso, 2003), paleontology (Neuman, 1967; Ekren and Frischknecht, 1967;
Neuman and Harper, 1992), and geologic mapping (Neuman, 1967; Ekren and Frischknecht, 1967;
Osberg et al., 1985; Berry IV and Osberg, 1989; Scully, 1989; Rogers et al., 2003a; Hibbard et al., 2006)
in connecting VMS-hosting Ordovician volcanics in Maine to those in New Brunswick and
Newfoundland within the Gander Terrane. The United States Geological Survey (USGS) used Nd-Pb-Sr
isotope and immobile trace element geochemistry as well as zircon U-Pb SHRIMP-RG geochronology to
document the paleotectonic setting, lithogeochemical signature, and geochronology of the Early-Middle
Ordovician volcanic rocks that host the Bald Mountain Cu-Zn-Au-Ag VMS deposit in northern Maine as
well as the Pickett Mountain deposit (Ayuso and Schulz, 2003; Ayuso et al., 2003; Schulz and Ayuso,
2003). The footwall and immediate hanging-wall host volcanics of Bald Mountain deposit are interpreted
to have evolved within a primitive intraoceanic arc during a period of intraoceanic arc extension (Ayuso
et al., 2003; Schulz and Ayuso, 2003). The upper hanging wall calc-alkaline volcanic and sedimentary
rocks of Bald Mountain, contemporaneous with the Pickett Mountain volcanic host rocks, indicate a
continental arc-back-arc environment (Ayuso et al., 2003; Schulz and Ayuso, 2003).
The host rocks of the Bald Mountain and Pickett Mountain deposits, interpreted to be of periGondwanan affinity, record the evolution from an intraoceanic arc system followed by continental backarc basin formation of the Popelogan Arc–Tetagouche Exploits back-arc basin system (Ayuso et al., 2003;
Schulz and Ayuso, 2003). Zircon U-Pb SHRIMP-RG dating of Maine VMS volcanic host rocks, 467 ± 4
Ma for the upper hanging-wall of Bald Mountain and 467 ± 5 Ma for Pickett Mountain, show similar ages
to the Bathurst Mining Camp massive sulfide deposits, 478-465 Ma (van Staal et al., 1992; Sullivan and
van Staal, 1996).
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Figure 2.2. Simplified bedrock map of Maine. Modified from Osberg et al. (1985). LMB = Lobster
Mountain Belt; MWB = Munsungun-Winterville Belt; WLLB = Weeksboro-Lunksoos Lake Belt.

2.2. Stratigraphy of the Weeksboro-Lunksoos Lake Belt
The Pickett Mountain deposit lies in the southeast limb of the WLLB inlier. Investigations of the
WLLB in the Shin Pond and Stacyville quadrangles (Neuman, 1967) and the Island Falls quadrangle
(Ekren and Frischknecht, 1967) show the relations of the Cambrian (?) to Lower Devonian sedimentary,
volcanic, and igneous stratigraphy of the WLLB (Figure 2.4).
The oldest strata are part of the Cambrian (?) Grand Pitch Formation, which consists of greyblack-red-green shales, laminated siltstone, greywacke, and quartzite. Unconformably overlying Grand
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Pitch sedimentary rocks is the tuffaceous sandstone, quartz-feldspar lapilli crystal tuff, fine tuff,
tuffaceous conglomerate, and volcanic breccia/flows of the Early-Middle Ordovician Shin Brook
Formation. Part of the Shin Brook Formation is fossiliferous and the fossils were dated to the late Early
Ordovician - the earliest Middle Ordovician as reported by Newman (1964, 1967). The felsic volcanic
host rocks of the Pickett Mountain deposit, which were previously mapped within a dominantly mafic
“Ordovician Unnamed Volcanics” (Newman, 1967; Osberg et al., 1985) unit are interpreted to be a part
of the Shin Brook Formation in this study. The unnamed volcanic rocks overlying, but probably coeval
with the Shin Brook Formation, is composed predominantly of meta-diabase (with minor meta-basalt
flows) and commonly referred to as “Greenstone” due to chloritization, epidotization, actinolization, and
spilitization during local syngenetic hydrothermal alteration then lower greenschist facies regional
metamorphism.
Overlying the unnamed volcanics is the grey-green-red Wassataquoik Chert, interbedded with
minor shale and tuff. On the northwest limb of the WLLB, the Ordovician volcanic rocks and the Grand
Pitch Formation are either unconformably overlain by the Devonian Seboomook Group conglomerate,
fossiliferous limestone, and calcareous sandstone, and turbidites of sandstone and slate or fault bound
with the Seboomook Group. On the southeast limb, the WLLB inlier is fault bounded with Silurian
formations, including the Early Silurian Allsbury and Perry formations of slate, greywacke, and quartzite
(Neuman, 1967; Ekren and Frischknecht, 1967; Berry IV and Osberg, 1989).
The Penobscottian, Salinic, and Acadian orogenies are interpreted to have been the causes of
deformation within the WLLB (Ekren and Frischknecht, 1967; van Staal, 1994; and this study). Tight
folding of the Grand Pitch sedimentary rocks is attributed to the Early Ordovician Penobscot orogeny
(Neuman, 1967; Ekren and Frischknecht, 1967), while Salinic deformation helped form the broad
anticlinal structure of the WLLB within its Ordovician volcanic and sedimentary rocks as a result of the
closure of the Exploits basin. The last observable deformation of the WLLB is the Acadian orogeny that
formed upright folds and pervasive cleavage in all the pre-Middle Devonian rocks in the region. The
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Acadian deformation was superimposed on the Cambro-Ordovician rocks that comprise the WLLB’s core
(Ekren and Frischknecht, 1967). Lower greenschist facies regional metamorphism, of Acadian or younger
age, has been recorded in the WLLB (Ekren and Frischknecht, 1967; Guidotti, 1985; Osberg et al., 1985;
Berry IV and Osberg, 1989).
2.3. Stratigraphy of the Pickett Mountain deposit
Figure 2.3 shows a generalized depiction of the stratigraphy of the Pickett Mountain deposit. The
predominantly volcanic and igneous formation that hosts the Pickett Mountain deposit unconformably
overlays the Grand Pitch Formation. The formation at the deposit consists of footwall and hanging wall
sequences. The footwall felsic volcanic rocks include tuffaceous volcanic breccia and fine- and mediumgrained quartz-feldspar crystal lapilli tuffs. Above the footwall volcanic sequence is the massive sulfide
horizon that is divided into two main, adjacent lenses (West lens and East lens) that range from less than a
foot to 50 ft in thickness.
The massive sulfides are heavily deformed and typically the high-grade portions (layers of
sphalerite, galena, chalcopyrite, and pyrite-rich sections) occur towards the stratigraphic bottom of the
horizon. The low-grade sections, at the stratigraphic top, are composed of pyrite and gangue minerals
(albite, chlorite, sericite, etc.). Both the low- and high-grade massive sulfide section types show
ubiquitous evidence of recrystallization (porphyroblast, poikioblast, and colloform pyrite, as well as
coarsened grains of sphalerite) in petrographic observations.
The hanging wall felsic volcanic rocks, underlying the mafic volcanic rocks, are locally weakly
altered and strongly deformed and include interlayered fine tuffs, tuffaceous sediments, and tuffaceous
breccias. Between the hanging wall felsic volcanic rocks and the massive sulfides are chloritic, iron-rich
sediments. These are made of moderately strongly chloritic maroon slate. The hanging wall, fine- and
coarse-grained metadiabase sills/dikes and minor metabasalt flows are predominant in the hanging wall.
The mineralogical components within the unit (epidote veins, plagioclase, augite, and chlorite) are
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indicative of lower greenschist-facies metamorphism. At the stratigraphic top of the deposit are purple,
green, black, and grey hanging wall slates (± siltstone) with a strong penetrative foliation. Along the Mt.
Chase and Pickett Mountain ridge, the diabase dikes and stocks contain rhyolite xenoliths and in places
they intrude in rhyolite, suggesting existence of rhyolitic flows above the intraformational slates.

Figure 2.3. Generalized cross section of the Pickett Mountain deposit stratigraphy.

17

Figure 2.4. Revised regional bedrock geologic map of the Weeksboro-Lunksoos Lake Belt, northern Maine, in this study (after Newman, 1967).
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Figure 2.5. Revised deposit-scale bedrock geologic map of the Pickett Mountain deposit, northern Maine, in this study.
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CHAPTER 3
REFINED STRATIGRAPHY AND DEPOSIT GEOLOGY
3.1. Introduction
The most recent bedrock geologic mapping projects in the Weeksboro-Lunksoos Lake Belt
(WLLB) and Pickett Mountain deposit area were completed by Neuman (1967), Ekren and Frischknecht
(1967), and Scully (1989). Although the bedrock geology was significantly improved and the stratigraphy
of the region was well established by the previous workers, initial field observations in this study revealed
a lack of detailed bedrock geologic mapping in the Pickett Mountain deposit district as well as issues of
accuracy and quality of the published maps and stratigraphy. Updated bedrock mapping in the district,
paired with petrographic observations of prepared polished thin sections, is essential in improving
stratigraphic correlations and descriptions, as well as guiding exploration for further massive sulfide
horizons and even additional VMS deposits. In this study, a significant amount of time was committed to
bedrock geologic mapping in and around the Pickett Mountain district. Part of the mapping effort was
done in collaboration with Wolfden geologists.
3.2. Methods
Mapping was conducted in the summer field seasons of 2018 and 2019, with 279 total stops made
(Figure 3.1). Mapping consisted of traveling in and around the deposit property and making stops at
bedrock outcrops to take descriptive notes and photographs, collect hand samples, and take strike/dip
measurements when possible. A combination of traversing and driving in and around the deposit property
was employed to find outcrops to describe the stratigraphy and lithologic units. A deposit-scale map has
been produced by Wolfden, from their own mapping in cooperation with the mapping for this project.
ArcGIS was used to compile the data and make the geologic maps (Figures 2.4 and 2.5).
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Figure 3.1. Aerial view map showing the Pickett Mountain deposit property bounds, as well as GPS
waypoints of stops for bedrock exposure in and around the deposit.

To better describe each lithological unit of the deposit, petrologic observations were made of
numerous thin sections of hand/core samples from the deposit and surrounding areas. Forty-six thin
sections of hand and drill core samples, from the Pickett Mountain deposit and surrounding areas, were
made in the University of New Brunswick thin section Lab. The polished thin sections were observed in
transmitted light using a Zeiss Axio Imager M2.m petrographic microscope. Cross-polarized light maps
of entire thin sections were produced using the Zeiss ZenPro software for each thin section. In addition to
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optical microscopy, the thin sections were placed in a scanning electron microscope to definitively
determine mineralogical and microstructural characteristics of the samples through energy dispersive Xray spectroscopy and backscatter electron imaging.
In addition, forty-eight polished slabs of the massive sulfide ore were provided by Michael Scully
for petrographic observation. These slabs were imaged, in reflected light using the Zeiss Axio Imager
M2.m petrographic microscope and Zeiss ZenPro software. Petrographic and mineralogical observations
of the massive sulfide slabs were completed via backscatter electron and energy dispersive X-ray
spectroscopy at the University of Maine using a Tescan Vega II XMU scanning electron microscope
(SEM) with a tungsten filament.
3.3. Refined Stratigraphy and Geologic Map
Two bedrock geologic maps have been made in this study in collaboration with Wolfden
Resources. Those maps are of the district geology and deposit-scale geology of the Pickett Mountain
deposit based on redefined and reconstructed stratigraphy in this study (Figures 2.4 and 2.5).
The district-scale map of the WLLB inlier (Figure 2.4) shows that the inlier consists of the Grand
Pitch Formation sedimentary unit, the Shin Brook Formation of predominantly volcanic and sub-volcanic
rocks, and several younger intrusive plutons. The Grand Pitch Formation is made of quartzose sandstone
and varicolored phyllitic slate (Figure 3.2a). The Shin Brook Formation was initially named after the Shin
Brook, west of Shin Pond village (Newman, 1967), and includes the volcaniclastic and pyroclastic rocks
distributed along Roberts Mountain and Sugarloaf Mountain ridges, in the west and southwest. Mapping
in this study suggests that the volcaniclastic and pyroclastic rocks in the Pickett Mountain area and in the
area between the Roberts Mountain ridge and the Mt. Chase-Pickett Mountain ridge also belong to the
Shin Brook Formation (Figure 2.4). The formation is subdivided into volcanic and subvolcanic units:
volcaniclastic and pyroclastic tuffs and breccias (Osb-p), basalt (Osb-b), rhyolite (Osb-r), and subvolcanic
diabase (Osb-d). The formation is pervasively foliated by a later regional compressional event, likely the
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Acadian orogeny; the foliation generally strikes in northeast (or southwest) with a steep dipping angle
toward either northwest or southeast.
The deposit-scale geologic map (Figure 2.5) shows where large or small xenoliths of rhyolite
(Osb-r; Figure 3.2b) are encompassed by a large intrusive body of diabase (Osb-d; Figure 3.2c) at the
upper level of the formation in Pickett Mountain Pond in the southeast corner. Moving northwest and
down stratigraphy, there are long bands of felsic pyroclastic rocks (dominantly mapped as fine-grained,
cherty, felsic tuff (ft; Figure 3.2d) and fine-medium grained, felsic quartz-crystal lapilli tuff (fqlt; Figure
3.2e). The coexistence of the mafic (Figure 3.2f - g) and felsic volcanic rocks in the deposit and the
district indicates that the volcanic system within the WLLB was bimodal.
The presumably Devonian granite intrusion (Dg) and Rockabema quartz-diorite intrusion (Dd)
intrude the core of the inlier’s broad anticlinal and synclinal structure. Originally mapped as a much
larger intrusive body, the mapping undertaken in this project suggests that the Rockabema quartz-diorite
(Figure 3.2h) is constrained to a much smaller body around Rockabema Lake. The granite intrusion,
named the Pleasant Lake granite in this study, was originally mapped as part of the Rockabema quartz
diorite that stretched from the northern side of Rockabema Lake to five kilometers southwest of Lower
Shin Pond. A small section also outcrops adjacent to the east side of the Rockabema quartz diorite. The
Pleasant Lake granite is medium to coarse grained with a porphyritic texture (Figure 3.2i).
The northwest limb of the WLLB inlier in the district is unconformably overlain by the
conglomerate, fossiliferous limestone, sandstone, and slate of the Devonian Seboomook Group (Ds). The
southeast limb of the inlier is fault bound with slate and quartzite of the Silurian Perry Mountain
Formation (Sp) and greywacke and slate of the Ordovician-Silurian Mattawamkeag Formation (OSm).

23

Figure 3.2. Outcrop, drill core, hand sample, and thin section images of lithological units from the Pickett
Mountain deposit and WLLB stratigraphy. a) Outcrop photo of phyllitic slate of the Grand Pitch
Formation. b) Outcrop photo of diabase intrusion (bottom) with a large rhyolite xenolith (top). c) Thin
section photomicrograph of coarse-grained diabase in cross-polarized light [P18002]. d) Thin section
photomicrograph of fine-grained, cherty, felsic tuff in cross-polarized light [PM-18-017B]. e) Thin
section photomicrograph of foliated quartz-crystal lapilli felsic tuff in cross-polarized light [PM-18-14B].
f) Drill core photo of mafic breccia [PM-136  72.15 – 98.16m]. g) Thin section photomicrograph of
fine-grained, mafic tuff [PM-18-021A]. h) Hand sample photo of the Rockabema quartz-diorite [P18080].
i) Outcrop photo of the Pleasant Lake porphyritic granite.
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3.4. Deposit and Ore Geology
There are two main massive sulfide lenses (East Lens and West Lens) in the Pickett Mountain
deposit. Ranging from less than a foot to 50 ft in thickness, the massive sulfide horizon is deformed and
exhibits ubiquitous evidence of recrystallization. Logging and petrographic observations of the massive
sulfides show the East and West lenses contain two primary types of massive sulfides: Low grade
massive pyritic sections, generally occurring towards the stratigraphic top of the horizon, and high-grade
sphalerite-galena-chalcopyrite rich bedded sections, typically occur towards the stratigraphic bottom of
the horizon (Scully, 1988).
The low-grade pyritic sections are composed of mostly massive pyrite and quartz, sericite,
chlorite, and albite gangue minerals (Figure 3.3a). Minor disseminated sphalerite, galena, chalcopyrite,
and trace barite are common throughout. Evidence of recrystallization can be seen in the low-grade
sections with poikioblastic and porphyroblastic pyrite, often with inclusions of sphalerite, galena, and
chalcopyrite (Figure 3.3b, c).
The high-grade bedded sulfide sections are composed of primarily pyrite with lesser sphalerite,
galena, and chalcopyrite, occurring in stratabound beds, trace barite, and quartz, sericite, chlorite, and
albite gangue minerals (Figure 3.4a). Bedded layers are well defined (Figure 3.4b) and typically range
from 2–5 cm in thickness across several bands. Like the low-grade pyritic sections, there is ubiquitous
evidence of recrystallization within the high-grade massive sulfide sections (Figure 3.4c).
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Figure 3.3. Images of low-grade pyritic massive sulfide sections from the Pickett Mountain deposit. a)
reflected light petrographic image of low-grade pyritic massive sulfide thick section [MS 256]. b) BSE
image of poikiloblastic pyrite with chlorite and galena overgrowths [MS 256]. c) BSE image of
recrystallized pyrite [MS 135.6]. (Gn = galena; Cpy = chalcopyrite; Py = pyrite; Sph = sphalerite Qtz+Chl
= quartz and chlorite)
25

Figure 3.4. Images of high-grade bedded massive sulfide sections from the Pickett Mountain deposit. a)
reflected light petrographic image of high-grade bedded massive sulfide thick section [MS 154-B]. b)
BSE image of galena, sphalerite, and pyrite-rich layers [MS 154-B]. c) BSE image of coarsened galena
grains with triangular cleavage pits [MS 138.5B]. (Gn = galena; Py = pyrite; Sph = sphalerite Qtz+Chl =
quartz and chlorite).
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CHAPTER 4
GEOCHRONOLOGY
4.1. Introduction
The age of the volcanic rocks within the Weeksboro-Lunksoos Lake Belt (WLLB), in the area
around Shin Pond‒Sugarloaf Mountain was originally determined by using the invertebrate fossils
contained in the “tuffaceous sandstone” of the Shin Brook Formation, which suggest formation in the late
Early Ordovician - or earliest Middle Ordovician (Newman, 1964; 1967). The only radiogenic isotope
geochronology work ever performed in the WLLB was done by Ayuso et al. (2003a), who reported a
SHRIMP-RG U-Pb zircon age of 476 ± 5 Ma (Middle Ordovician) for a dacitic porphyry intrusive sample
from the Pickett Mountain deposit.
The interpreted tectonic setting of the WLLB is a developing continental (ensialic) back-arc basin
(Scully, 1989; Ayuso et al., 2003; Ayuso and Schulz, 2003). The previously reported ages and tectonic
setting of massive sulfide deposition, as well as genetic characteristics of the WLLB, indicate that the
WLLB would be similar to the coeval or near coeval continental back-arc tectonic terrane that hosts and
initiated massive sulfide deposition within the world-class Bathurst Mining Camp (BMC) of the
Ordovician Miramichi terrane in adjacent New Brunswick. Both the WLLB that hosts the Pickett
Mountain deposit and the Miramichi terrane that hosts the BMC are within the Gander terrane. In this
study, two samples were collected from the footwall and hanging wall sections of the Pickett Mountain
deposit for U-Pb dating by LA-ICP-MS, to better constrain the age of massive sulfide deposition and
evaluate how Pickett Mountain and the WLLB fit in the broader timeline of the Gander terrane.
4.2. Methods
Two Pickett Mountain deposit samples, one hand sample (P19005) of hanging wall rhyolite and
one drill core sample (4775-480) of footwall felsic crystal lapilli tuff from drill hole PM-18-035, were
selected for U-Pb zircon dating. Zircon grain separation was performed at Zirchron LLC of Tucson.
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Zircon grains were mounted in epoxy and polished in the University of Maine MAGIC Lab
(MicroAnalytical Geochemistry and Isotope Characterization Laboratory). Cathodoluminescence (CL)
imaging of each zircon grain was performed using a Tescan Vega II XMU SEM at the University of
Maine to select spots for analysis. Microsoft Image Compositor Editor software was used for the stitching
of the CL map images that were compared to reflected light images of the mounts to accurately choose
and place the 25 μm analysis spots.
U-Pb analysis of the zircon grains was conducted by using laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) in the University of Maine MAGIC Lab. The specific setup
involved an ESI NWR193UC 193 nm excimer laser ablation system coupled with an Agilent 8900 ICPMS/MS. The ablated sample aerosol was carried by He carrier gas and was combined with Ar nebulizer
gas prior to an inline, SQUID-type signal smoother. Zircon was ablated using a 25 µm round spot with a
beam energy density of 2.4 J/cm2 and a repetition rate of 5 Hz. Each analysis was acquired over 63
second and consisted of 13 s of background collection during laser warmup, 40 s of ablation, and 10 s of
washout. an argon nebulizer gas added to a helium stream before an inline, squid-type signal smoother.
Table 4.1 gives the laser ablation and ICP-MS analysis conditions.
Analyses of Pickett Mountain zircon samples were completed in blocks of 15 analyses bracketed
by two analyses each of the NIST610 SRM glass, 91500 zircon (1065.4 ± 0.3 Ma; Wiedenbeck et al.,
1995) and R-33 (419.3 ± 0.4 Ma; Black et al., 2004) zircon reference materials. The Temora2 (416.8 ±
1.6; Webb et al, 2020), RAK-17 (295.56 ± 0.21 Ma; Webb et al., 2020), and R-33 zircons were analyzed
as quality control materials. Time-resolved analyses were processed using the U/Pb data reduction
scheme in Iolite3.7 to determine isotope ratios. U/Pb weighted mean ages were determined in IsoplotR
(Vermeesch, 2018). Modern ICP-MS methods commonly underestimate analytical uncertainty;
uncertainties were adjusted according to the procedure laid out in Horstwood et al. (2016). Using 91500
as the primary reference material the analytical uncertainty on secondary reference material RAK-17 was
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adjusted iteratively until the mean square of the weighted deviates (MSWD) was equal to 1. The
analytical uncertainty of all other zircon analyses was adjusted accordingly (Horstwood et al., 2016).
Table 4.1. System setup and conditions of the NoGas mode for LA-ICP-MS analysis of the P19005 and
4775-480 samples from the Pickett Mountain deposit.
Laser Ablation System

ICP-MS System

Make and Model

ESI NWR 193UC

Make and Model

Agilent 8900 ICP-MS/MS

Ablation Cell

TwoVol2

RF Power

1550 W

Laser Wavelength

193 nm

RF Matching

1.35 V

Pulse Width

<4 nm

Cones

Ni, x-lens

Gas Flow Setup

Signal smoother

Dwell Times

63 s

Carrier Gas Flow

800 mL/min (He)

Energy Density

2.4 J/cm2

Repetition Rate

5 Hz

Spot Size

25 μm

Ablation Time

40 s

4.3. Results
Based on CL images, the zircon crystals are predominantly light, euhedral-subhedral, and
prismatic. Many have clearly defined growth zones (Figure 4.1), indicative of a magmatic origin. Tables
(4.2 and 4.3) show detailed analytical data from the analysis of the zircon grains from the Pickett
Mountain samples and Appendix A includes images of each zircon grain analyzed for both samples with
analysis spots denoted. The U-Pb LA-ICP-MS analyses yielded a weighted mean 206Pb/238U age of 481 ±
3 Ma (95% confidence, MSWD = 9.65, n = 68/69) and the 207Pb/206Pb - 238U/206Pb concordia age of
481.45 ± 0.61 Ma for the sample P19005 (hanging-wall rhyolite); both ages are similar (Figure 4.1). The
analyses also gave a weighted mean 206Pb/238U age of 485 ± 2 Ma (95 % confidence, MSWD = 5.51, n =
62/63) and the 207Pb/206Pb - 238U/206Pb concordia age of 483.94 ± 0.60 Ma for the sample 4775-480
(footwall felsic quartz-crystal lapillus tuff); these ages are indistinguishable (Figure 4.1).
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Table 4.2. U-Pb Zircon LA-ICP-MS data from Sample P19005, Pickett Mountain deposit. Calculated
ages are 206Pb/238U ages.
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Table 4.2 continued
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Table 4.3. U-Pb Zircon LA-ICP-MS data from Sample 4775-480, Pickett Mountain deposit. Calculated
ages are 206Pb/238U ages.
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Table 4.3 continued
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Figure 4.1. Cathodoluminescence images and weighted mean 206Pb/238U zircon LA-ICP-MS ages of
zircon grains from footwall and hanging wall felsic volcanic samples from the Pickett Mountain deposit.
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4.4. Discussion
Weighted mean 206Pb/238U zircon ages of Pickett Mountain deposit footwall and hanging wall
volcanic rock samples constrain the timing of massive sulfide deposition between 485 and 481 Ma. Until
the results from this study, only one age had been reported from the deposit (467 ± 5 Ma; Ayuso et al.,
2003). The ages from this study shows that the Ayuso et al. (2003) age (467 ± 5 Ma), of a dacitic
porphyry intrusion, is younger than the host volcanic rocks of the massive sulfide deposit (485 ± 2 to 481
± 3 Ma). This is consistent with the drill-hole observation that the dated dacitic porphyry cuts through the
volcanic host rocks of the Pickett Mountain deposit and therefore must be younger. The 12 my difference
in ages was unexpected and further illuminates how the Pickett Mountain deposit fits into the Gander
Terrane and is related to VMS deposits in the BMC.
In the Miramichi terrane, within the Sheephouse Brook, Tetagouche, and California Lake groups
of the BMC, massive sulfide deposition occurred within four episodes of hydrothermal activity or events
(van Staal et al., 2003). These recognized events are the Chester horizon (478 Ma) of the Sheephouse
Brook Group, the Caribou horizon (472 – 470 Ma) of the California Lake Group, and the Brunswick (469
– 468 Ma) and Stratmat (467 – 465 Ma) horizons of the Tetagouche Group. The Chester deposit, in the
Clearwater Stream Formation (ca. 478 Ma) and the larger Sheephouse Brook Group, is the oldest known
VMS deposit in the BMC. The Chester deposit likely formed in the initiation of extension of the
Popelogan arc associated with magmatism from slab break-off or extension (Fyffe, 1995; Wilson et al.,
1998; van Staal et al., 2003). As extension continued, most VMS deposits within the BMC formed in the
Tetagouche and California Lake groups 450 - 470 Ma (Sullivan and van Staal, 1990; Sullivan and van
Staal, 1996; Wilson and Kamo, 1996; Rogers et al., 1997; Wilson et al., 1998; Rogers et al., 2003a; van
Staal et al., 2003).
The radiogenic, isotopic geochronological study by Ayuso et al. (2003) showed the host volcanic
rocks of the Pickett Mountain display transitional to calc-alkaline affinities (Zr/Y > 4.5; La/Yb > 3;
Th/Yb > 0.25; Ayuso and Schulz, 2003). These paleotectonic affinities indicate the formation of the host
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volcanic rocks within a continental (ensialic) arc-back-arc basin, likely as the Popelogan arc migrated
northwestward.
Considering the ages obtained in this study and that of Ayuso et al. (2003), it is likely that the
massive sulfide deposition at the Pickett Mountain deposit occurred within an earlier back-arc rifting
stage of the WLLB than previously expected. It confirms the diachronous nature of the Popelogan arc and
Gander terrane system that were characterized by variability in timing and location of the transition from
extension and back-arc basin development (Rogers et al., 2003a; Rogers et al., 2003b; Rogers and van
Staal, 2003).
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CHAPTER 5
WHOLE-ROCK LITHOGEOCHEMISTRY
5.1. Introduction
Two major goals of this project are to (1) characterize the tectonic and geological setting of the
Pickett Mountain deposit and (2) classify and differentiate stratigraphic units within the suite of the
bimodal volcanic and sedimentary host rocks through use of geochemical analyses of drill core samples.
This information will help inform the geologic settings of the WLLB and Pickett Mountain deposit, as
well as clarify the stratigraphic structure and geochemical characteristics for deposit development and
future exploration in the state of Maine.
The application of geochemistry is a critical tool in determining tectonic/geological setting,
differentiating stratigraphic units, and classifying rock types for the development and exploration of VMS
deposits (Galley et al., 2007; Piercey, 2010; Shanks and Thurston, 2012). Strong deformation within
VMS deposits obscures the original igneous and volcanic textures that are used to classify and
differentiate stratigraphic units. The geochemical ratios and compositional values of various stratigraphic
units are not affected by deformation. One important advancement in this field was the use of majorelement oxides (i.e., FeO, Fe2O3, MgO, K2O, Na2O, and SiO2) to produce rock type and tectonic setting
discrimination diagrams for volcanic rocks (Baragar, 1966; Irvine and Baragar, 1971). These major
oxides are well-known to be extremely mobile in even low-temperature hydrothermal activity which
alters the original composition at the time of deposition (Condie, 1976; Winchester and Floyd, 1977;
MacLean and Barrett, 1993; Lentz, 1998; White, 2011). The Pickett Mountain deposit stratigraphy has
experienced strong, variable, and zoned hydrothermal alteration, visible in hand samples and polished thin
sections as well as whole-rock geochemical analysis of the rock samples from outcrop and drill cores. The
method of using major and trace elements, specifically high field strength elements (HFSE) (Al, Ti, Nb,
Y, Zr, Th, Sc, and V), which are highly immobile during hydrothermal alteration, provides reliable rock
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type and tectonic discrimination diagrams for the altered volcanic rocks of a VMS deposit (Winchester
and Floyd, 1977; Pearce, 1996; Lentz et al., 1996; White, 2011).
5.2. Methods
Wolfden Mt. Chase LLC. sent numerous intervals of recent drill core to ActLabs Inc. to
determine whole rock major and minor/trace-element concentration. Sections of drill core, representative
of lithological units, were selectively chosen for analysis. The sections of drill core, ranging from 0.07 to
1.6 m in length were cut in half by rock saw to keep half the sections for future reference and the other
half to be sent for analysis. Rock samples were crushed in a jaw crusher and selected chips were pulped
(ground) in a soft iron swing mill to a very fine powder. Using a lithium metaborate/tetraborate fusion (3
g of sample pulp used) and nitric acid total digestion as well as an aqua regia partial digestion
(hydrochloric and nitric acid), analyses were completed by inductively coupled plasma optical emission
spectroscopy (ICP-OES) and mass spectrometry (ICP-MS). Pulps were also prepped for pressed pellet Xray fluorescence (XRF) analysis.
5.3. Results
Table B.1 shows the major oxide (wt %) and trace element (ppm) concentrations for whole-rock
analyses of Pickett Mountain deposit drill core samples. Lithology codes (MVBX, FVLT, MS, etc) within
this and following chapters denote logged rock type. The lithology codes are from Wolfden Mt. Chase
LLC’s core logging and are listed and explained in Table 5.1. Drill core samples for whole-rock analysis
came from 35 drill holes within the deposit property (Figure 5.1; Table 5.2). This data is used to produce
the lithogeochemical plots presented in this chapter as well as downhole profiles of HFSE plotted
alongside lithology logging of those drill holes (Appendix C).
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Table 5.1. List and descriptions of lithology codes used in drill core logging for the Pickett Mountain
deposit. From top to bottom starting at “GAB”, lithology codes are roughly ordered from youngest to
oldest in the deposit stratigraphy.
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Figure 5.1. Geologic map of the Pickett Mountain deposit with drill core collars and cross section lines superimposed. East and West massive
sulfide horizons are projected to the surface.
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Table 5.2. Drill cores from the Pickett Mountain deposit analyzed in this study.
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Figure 5.2 shows the percentages of which rock types make up the dataset of 425 whole-rock drill
core analyses. The majority of whole-rock analyses were of felsic pyroclastic rocks (60 %) with felsic
breccia (FVBX; 24 %), felsic quartz-crystal lapilli tuff (FVLT; 17 %), felsic cherty tuff (FVTF; 17 %),
quartz-feldspar porphyry (QFP; 1 %), and feldspar porphyry (FP; 1 %). Sedimentary rocks make up 18 %
of whole-rock analyses including varicolored slate (MDST; 13 %), mixed sediments (SED; 4 %), and
chert (CHT; 1 %). Mafic pyroclastic rocks make up the third largest percentage (16 %) with mafic tuff
(MVTF; 10 %) and mafic breccia (MVBX; 6 %). Exhalative (EXHLT) and diabase samples make up 2 %
of whole-rock analyses each; intermediate volcanic (IV) and others (Other) make up the remaining 2 %.

Figure 5.2. Pie chart showing percentages of various rock types by whole-rock geochemical analysis of
drill holes in the Pickett Mountain deposit.
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5.3.1. Classification and Tectonic Setting of Mafic Volcanic Rocks
The mafic volcanic rocks present, almost exclusively in the stratigraphic hanging wall rocks of
the Pickett Mountain deposit, consist of mafic volcanic flows, breccias, and mafic tuffs. The mafic
pyroclastic breccia and tuff units are part of the hanging wall host sequence that includes mixed felsic
pyroclastic volcanic and sedimentary rocks. Capping the hanging-wall sequence is a system of finemedium grained metadiabase dikes and sills. Visible signs of strong-moderate hydrothermal alteration,
present throughout the deposit, make visual compositional classification of these mafic volcanic rocks
difficult. Plotted on a CaO-Na2O bivariate plot, the mafic volcanic rocks fall outside of the box
representing unaltered basaltic rock compositions and primarily with the Na-spilite or “soda-rich” field
(Figure 5.3; Graham, 1976; Stillman and Williams, 1979). This implies that post-magmatic alteration has
mobilized alkali elements in the rocks and has altered the primary major element composition.
Consequently, HFSE must be used to properly classify the primary rock composition.

Figure 5.3. CaO-Na2O (wt%) diagram of Pickett Mountain mafic volcanic rocks, differentiating Naspilite and normal basalts from the rectangular field of normal unaltered basalts. Boundaries from Graham
(1976) and Stillman and Williams (1979). (GAB = diabase; MVBX = mafic volcanic breccia; MVTF =
mafic volcanic tuff)
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Pearce (1996) proposed a rock type discrimination diagram, modified from Winchester and Floyd
(1977), using the HFSE ratios of Zr/Ti and Nb/Y to classify altered volcanic rocks. On this diagram
(Figure 5.4) the mafic volcanic tuffs (MVTF), breccias (MVBX), and intrusive diabase (GAB) have Zr/Ti
values <0.035 and Nb/Y values <0.6.

Figure 5.4. Zr/Ti vs Nb/Y volcanic rock type classification diagram with whole-rock geochemical data of
mafic and intermediate volcanic, mafic and felsic intrusive rocks, and exhalative horizon rock samples
from recent Pickett Mountain drill cores (36). Modified from Pearce (1996), which is modified from
Winchester and Floyd (1977). (FW = footwall; HW = hanging-wall; EXHLT = Exhalite; FI = felsic
intrusive; GAB = diabase; IV = intermediate volcanic; MVBX = mafic volcanic breccia; MVTF = mafic
volcanic tuff; T-A = trachy-andesite)
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The Zr/TiO2 vs Y/TiO2 diagram is a useful tool in determining the magmatic affinity (tholeiitictransitional-calc-alkaline) of altered volcanic rocks via immobile HFSE ratios (Condie, 1976; Lesher et
al., 1986; Rogers, 1995; Lentz, 1996). The samples of intermediate volcanics (IV), mafic volcanic breccia
(MVBX), and tuff (MVTF), and exhalative rocks dominantly have Zr/Y values between 2 and 7. Samples
of diabase (GAB) in the upper hanging wall have Zr/Y values between 2 and 4.5 (Figure 5.5).

Figure 5.5. Zr/TiO2 vs Y/TiO2 magmatic affinity diagram with whole-rock geochemical data of mafic
and intermediate volcanic, mafic and felsic intrusive, and exhalative horizon rock samples from recent
Pickett Mountain drill cores (36). Affinity field boundaries from Barrett and MacLean (1994).
(FW=footwall; HW=hanging-wall; EXHLT=Exhalite; FI=felsic intrusive; GAB=diabase;
IV=intermediate volcanic; MVBX=mafic volcanic breccia; MVTF=mafic volcanic tuff).

45

Trace-element tectonic discrimination diagrams are a useful tool, using whole-rock geochemical
data from drill core samples, to constrain the tectonic setting of the Pickett Mountain deposit. The Zr-NbY diagram (Figure 5.6), from (Meschede, 1986), discriminates the tectonic settings for altered mafic
rocks. Figure 5.3.1.4 shows that the mafic volcaniclastic and intrusive rocks, from the Pickett Mountain
deposit, plot within the N-MORB+volcanic-arc basalt (E) and within-plate tholeiite+volcanic-arc basalt
(D) fields.

Figure 5.6. Zr/4 – 2Nb – Y tectonic discrimination diagram with whole-rock geochemical data of mafic
volcanic and intrusive rock samples from recent Pickett Mountain drill cores (36). (FW=footwall;
HW=hanging-wall; GAB=diabase; MVBX=mafic volcanic breccia; MVTF=mafic volcanic tuff).
Discrimination fields from Meschede (1986).
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Plotted on immobile element primitive mantle-normalized plots the mafic breccia (MVBX) and
mafic tuff (MVTF) units in the hanging wall stratigraphy show enriched HFSE, REE and transition metal
concentrations (Figure 5.7). Anomalous positive Th anomalies are characteristic of most samples and
both plots typically show negative Nb anomalies relative to Th and La. Ti and Y positive anomalies are
common. A few samples show anomalous depletions in Er, Yb, and Lu.

Figure 5.7. Primitive mantle-normalized plots for altered mafic volcanic rocks in the Pickett Mountain
deposit and N-MORB, E-MORB, and OIB patterns: a) mafic volcanic breccia (MVBX); b) mafic

volcanic tuff (MVTF). Ta and Hf values not included due to concentrations below detection limit.
Primitive mantle values from Sun and McDonough (1989).
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5.3.2. Classification and Tectonic Setting of Felsic Volcanic Rocks
The felsic volcanic rocks of the Pickett Mountain deposit are mixed and interlayered throughout
the deposit stratigraphy. Felsic volcanic breccia, fine-to medium-grained quartz-crystal lapilli tuff, and
lesser fine-grained cherty tuff units can be found in the stratigraphic footwall. These rocks are also found
in the hanging wall variably mixed with the mafic volcanic rocks. Plotted on the Na2O vs Al2O3/Na2O
diagram, the felsic volcanic rocks primarily range in Na2O concentrations from 0 to 2 wt % and
Al2O3/Na2O values of 7-600 (Figure 5.8). Fewer analyses show Na2O concentrations and Al2O3/Na2O
between 2-5 wt % and 1-7, respectively.

Figure 5.8. Na-loss and Na-gain discrimination diagram, using the Spitz-Darling alteration index
(Al2O3/Na2O; Spitz and Darling, 1978) vs Na2O (wt %), in the altered felsic volcanics of the Pickett
Mountain deposit. Diagram field boundaries from Ruks et al. (2006).
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Figure 5.9 shows the discrimination of Na- and K-metasomatism of the Pickett Mountain felsic
volcanic host rocks. The felsic volcanic rocks have a wide range of 100*K2O/(Na2O+K2O), >0-100, and
K2O+Na2O (wt %), less than 0-9.5 across the footwall and hanging wall samples. Most of these have
100*K2O(Na2O+K2O) values greater than 50.
On a Sb vs Tl diagram, the felsic volcanic rocks of the Pickett Mountain deposit have a range of
Sb concentrations ~0.1 to 30 ppm and Tl concentrations ~0.06 to 20 ppm (Figure 5.10).

Figure 5.9. Diagram for discriminating between K- and Na-metasomatism in the altered felsic volcanics
of the Pickett Mountain deposit. Diagram and field boundaries from Hughes (1972).

49

Figure 5.10. Diagram for discriminating proximity to massive sulfide ore with the Tl/Sb alteration index (Large et al., 2001), in the altered felsic
volcanics of the Pickett Mountain deposit. Field boundaries from Large et al. (2001).
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HFSE are used for the characterization and differentiation of the felsic volcanic rocks, Figure
5.11 shows the rhyolite/dacite and andesite/basaltic andesite composition of the footwall and hanging wall
felsic volcanic rocks on the Zr/Ti and Nb/Y diagram.

Figure 5.11. Zr/Ti vs Nb/Y volcanic rock type classification diagram with whole-rock geochemical
data of felsic volcanic rock samples from recent Pickett Mountain drill cores (36). Modified from Pearce
(1996), which is modified from Winchester and Floyd (1977). (FW=footwall; HW=hanging-wall;
FP=feldspar porphyry; FVBX=felsic volcanic breccia; FVLT=felsic volcanic lapilli tuff; FVTF=felsic
volcanic tuff; QFP=quartz-feldspar porphyry; T-A=trachy-andesite)
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The samples of felsic volcanic rocks from Pickett Mountain dominantly have Zr/Y values ranging
between 2 and 7 (Figure 5.12). The felsic volcanic breccias (FVBX) and tuffs (FTVF) show a wide scatter
of Zr/Y values in the footwall and hanging wall units between 2 and7. A distinct grouping of the majority
of footwall felsic volcanic lapilli tuff (FVLT) samples have Zr/Y values between 4.5 and 7. The samples
of footwall quartz-feldspar porphyry (QFP) and feldspar porphyry (FP) have Zr/Y values from 4.5 to 7
with one QFP sample plotting between 7 and 25.

Figure 5.12. Zr/TiO2 vs Y/TiO2 magmatic affinity diagram with whole-rock geochemical data of felsic
volcanic rock samples from recent Pickett Mountain drill cores (36). Affinity field boundaries from
Barrett and MacLean (1994). (FW=footwall; HW=hanging-wall; FP=feldspar porphyry; FVBX=felsic
volcanic breccia; FVLT=felsic volcanic lapilli tuff; FVTF=felsic volcanic tuff; QFP=quartz-feldspar
porphyry)
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The Nb vs Y tectonic discrimination diagram (Figure 5.13; Pearce et al., 1984) shows the Pickett
Mountain deposit felsic volcanic rocks have Y concentrations less than 40 ppm and Nb concentrations
less than 15 ppm.

Figure 5.13. Nb vs Y geochemical tectonic discrimination diagram with whole-rock geochemical data of
felsic volcanic rock samples from recent Pickett Mountain drill cores (36). (FW=footwall; HW=hangingwall; FP=feldspar porphyry; FVBX=felsic volcanic breccia; FVLT=felsic volcanic lapilli tuff;
FVTF=felsic volcanic tuff; QFP=quartz-feldspar porphyry; WPG=within-plate granite; VAG=volcanic
arc granite; syn-COLG=syn-collisional granite; ORG=ocean ridge granite). Discrimination field
boundaries from Pearce et al. (1984).
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5.3.3. Sourcing of Sediments and Ambient Seafloor Redox Conditions
The compositional values and ratios of Fe, Mn, Al, and Ti are useful proxies in determining the
provenance of sedimentary rocks and the water column redox conditions during marine deposition of
sediments (Whitehead, 1973; Lentz et al., 1996; Goodfellow et al., 2003; Boström, 2009; Piercey et al.,
2016). These proxies can contribute to understanding the depositional environment and how it may have
evolved over time of the Pickett Mountain deposit.
Plotted on the Al/(Al+Fe+Mn) vs Fe/Ti graph, the sedimentary and exhalative rocks of the Pickett
Mountain deposit exhibit a range of Fe/Ti values (4 – 30) and Al/(Al+Fe+Mn) values (0.45 – 0.9) in both
the footwall and hanging wall (Figure 5.14a). On the MnO (wt %) vs Fe/Mn diagram, the footwall
sedimentary rocks have Fe/Mn values of (~12-330) and MnO concentrations below 0.25 wt % (Figure
5.14b). The hanging wall sedimentary and exhalative rocks have Fe/Mn values ranging from >0 to 225
and MnO concentrations ranging up to 3 wt %.
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Figure 5.14. Al/(Al+Fe+Mn) vs Fe/Ti and Fe/Mn vs MnO (wt%) discrimination diagrams for wholerock geochemical analysis of sedimentary and exhalative rocks of the Pickett Mountain deposit. a) Fe/Ti
vs Al/(Al+Fe+Mn) discrimination diagram; field boundaries from Boström (1973). b) MnO (wt %) vs
Fe/Mn discrimination diagram; field boundaries from Whitehead (1973). (HW=hanging wall;
FW=footwall; CHT=chert; EXHLT=exhalite; IF=iron formation; MDST=slate; SED=sediments).
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5.3.4. Chemostratigraphy
Intense deformation and hydrothermal alteration in the Pickett Mountain deposit obfuscate the
primary textures and major oxide compositions that help characterize and differentiate the deposit’s
stratigraphy. Based on immobile HFSE ratios (e.g., Zr/TiO2, Zr/Al2O3, Zr/Y, Al2O3/TiO2)
chemostratigraphy is an effective tool in correlating and differentiating stratigraphic units in altered
volcanic sequences hosting VMS deposits (Lesher et al., 1986; MacLean and Barrett, 1993; Barrett and
MacLean, 1994; Lentz, 1996; Lentz et al., 1996; Lentz, 1998; Downey, 2006; Hokka, 2020; JimenezGonzalez, 2020). Chemostratigraphic values referenced below are average whole-rock composition
values for specific rock types with ± values representing standard deviation.
The most common component of the sedimentary rocks in the Pickett Mountain deposit are grey,
green, maroon, and graphitic shales (MDST), which variably include minor components of siltstone.
Average Al2O3 contents of hanging wall and footwall MDST units are 17.31 ± 6.25 wt % and 17.08 ±
6.19 wt %, respectively. Average MDST TiO2 content is 0.74 ± 0.29 wt % in the hanging wall and 0.95 ±
0.20 wt % in the footwall. Average Zr/Al2O3 values differ between the hanging wall (0.0008 ± 0.0006)
and footwall (0.0021 ± 0.0025) MDST units.
The most critical rocks to characterize and begin to differentiate are the felsic volcanic rocks. The
felsic volcanic rocks of the Pickett Mountain deposit include volcanic breccia (FVBX), quartz-crystal
lapilli tuff (FVLT), fine-grained cherty tuff (FVTF), as minor occurrences of feldspar porphyry (FP) and
quartz-feldspar porphyry (QFP). FVBX units have average Zr concentrations of 109.6±66.6 ppm in the
hanging wall and 94.5 ± 33.0 ppm in the footwall; Y concentrations of 26.2 ± 7.7 ppm in the hanging wall
and 21.6 ± 9.7 ppm in the footwall (Table 5.3). FVBX units have average Zr/Al2O3 ratios of 0.0008 ±
0.0004 in the hanging wall and 0.0007 ± 0.0002 in the footwall. FVLT and FVTF have Zr/Al2O3 ratios:
0.0014 ± 0.0007 and 0.0008 ± 0.0001, respectively, in the hanging wall and 0.0010 ±0.0007 and 0.0008 ±
0.0001 in the footwall. The average Zr/Y ratios of FVBX units in the hanging wall is 4.13±1.38 and
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6.0±7.1 in the footwall. For FVLT and FVTF units the average Zr/Y ratios are 4.8 ± 1.5 and 4.4 ± 1.9 in
the hanging wall and 8.8 ± 16.1 and 5.2 ±1.5 in the footwall.
The mafic volcaniclastic rocks, within the hanging wall sections of the Pickett Mountain deposit,
include tuff (MVTF) and breccia (MVBX) units interlayered with felsic volcaniclastic and sedimentary
rocks. These mafic volcanic units exhibit Zr/TiO2 ratios less than 0.01, TiO2 contents between 1.32 and
1.44 wt %, and Nb contents from 7 to 9 ppm. The mafic volcanic units also have V contents between 243
and 329 ppm as well as Zr contents between 91 and 162 ppm (Table 5.3).
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Table 5.3. Average immobile element concentrations and ratios of Pickett Mountain deposit whole-rock samples from drill core. Rock codes from
Table 5.3.1. HW = hanging wall; FW = footwall.
Zr/TiO2

Y/TiO2

Zr/Al2O3

TiO2/Al2O3

Zr/Nb

Zr/Y

Th/Nb

Rock

n

Mean

STD

Mean

STD

Mean

STD

Mean

STD

Mean

STD

Mean

STD

Mean

STD

HW CHT

4

0.08

0.02

0.02

0.02

0.0013

0.0007

0.02

0.02

13.2

5.69

6.43

4.74

1.1

0.85

FW CHT

1

0.1

-

0.03

-

0.0007

-

0.01

-

14

-

3.18

-

2.3

-

HW MDST

39

0.02

0.01

0

0

0.0008

0.0006

0.04

0.01

11.59

9.12

4.82

2.57

0.89

0.36

FW MDST

14

0.03

0.02

0

0

0.0021

0.0025

0.06

0.02

106.7

193.57

6.24

3.93

2.85

3.71

HW SED

6

0.06

0.03

0.01

0.01

0.0038

0.0033

0.07

0.04

191.39

244.41

9.13

5.11

4.6

4.5

FW SED

10

0.03

0.03

0

0

0.0023

0.0021

0.06

0.01

57.41

109.15

10.11

13.16

1.66

1.83

HW IF

1

0.01

-

0

-

0.0006

-

0.06

-

97

-

97

-

1.7

-

FW CARB

1

0.07

-

0.06

-

0.0003

-

0

-

5.45

-

1.2

-

2.31

-

HW EXHLT

4

0.07

0.03

0.02

0.01

0.0009

0.0002

0.02

0.01

17.59

13

4.05

1.08

1.65

0.5

FW EXHLT

5

0.06

0.04

0.04

0.05

0.0016

0.0016

0.07

0.11

37.41

34.82

3.98

3.16

2.11

0.92

HW FI

1

0.07

-

0.01

-

0.0019

-

0.03

-

62

-

8.55

-

2.27

-

FW FP

4

0.04

0

0.01

0

0.0008

0.0000

0.02

0

18.16

1.55

5.24

0.49

1.93

0.54

HW FVBX

30

0.08

0.03

0.02

0.01

0.0008

0.0004

0.01

0.01

11.72

3.42

4.13

1.38

1.8

0.49

M FVBX

4

0.07

0.01

0.02

0.01

0.0009

0.0005

0.01

0.01

13.78

8.2

5.8

3.75

1.48

0.82

FW FVBX

70

0.08

0.02

0.02

0.01

0.0007

0.0002

0.01

0.01

19.26

26.51

6.04

7.1

2.38

1.33

HW FVLT

12

0.11

0.05

0.02

0.01

0.0014

0.0007

0.01

0.01

16.89

7.54

4.84

1.54

1.41

0.92

FW FVLT

61

0.04

0.01

0.01

0

0.0008

0.0001

0.02

0

31.07

30.78

8.8

16.08

2.63

2.23

HW FVTF

37

0.09

0.05

0.02

0.01

0.0010

0.0007

0.01

0.01

15.72

12.94

4.41

1.88

1.69

0.84

M FVTF

6

0.07

0.03

0.01

0.01

0.0009

0.0002

0.02

0.02

14.46

7.38

8.52

7.97

1.72

1.21

FW FVTF

32

0.07

0.03

0.02

0.01

0.0008

0.0000

0.01

0.01

17.43

8.89

5.19

1.45

2.06

0.65

HW IV

4

0.07

0.03

0.02

0.01

0.0009

0.0004

0.02

0.02

15.1

12.03

4.48

2.54

1.66

0.66

HW GAB

8

0.01

0

0

0

0.0005

0.0002

0.09

0.03

22.62

8.07

2.6

0.35

0.22

0.15

HW MVBX

17

0.01

0

0

0

0.0009

0.0001

0.09

0.02

21.26

9.75

5.21

1.59

0.44

0.21

M MVBX

7

0.01

0

0

0

0.0010

0.0002

0.09

0.01

18.89

1.95

5

0.74

0.37

0.14

HW MVTF

36

0.01

0

0

0

0.0006

0.0003

0.09

0.03

19.53

8.53

3.76

1.67

0.38

0.29

M MVTF

5

0.01

0

0

0

0.0008

0.0000

0.1

0.01

17.18

2.25

5.59

1.06

0.29

0.25

FW QFP

6

0.04

0.01

0.01

0

0.0008

0.0001

0.02

0

36.41

16.01

6.89

1.61

2.59

0.99
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Table 5.3. Continued
Al2O3 (wt %)
Rock

n

HW CHT
FW CHT

TiO2 (wt %)

Cr (ppm)

Nb (ppm)

V (ppm)

Y (ppm)

Zr (ppm)

Mean

STD

Mean

STD

Mean

STD

Mean

STD

Mean

STD

Mean

STD

Mean

STD

4

9.37

4.3

0.13

0.06

19

2

8

3

7

9

22

11

106

67

1

10.30

-

0.07

-

13

-

5

-

6

-

22

-

70

-

HW MDST

39

17.31

6.25

0.74

0.29

63

29

13

5

111

59

26

9

118

50

FW MDST

14

17.08

6.19

0.95

0.2

35

21

12

7

122

48

37

8

222

137

HW SED

6

11.86

5.88

0.7

0.35

21

9

7

6

66

55

33

7

312

185

FW SED

10

12.94

6.22

0.77

0.26

28

14

10

6

87

49

27

9

194

93

HW IF

1

17.16

-

1.05

-

20

-

1

-

216

-

1

-

97

-

FW CARB

1

19.7

-

0.08

-

4

-

11

-

2

-

50

-

60

-

HW EXHLT

4

12.79

4.51

0.19

0.1

5

2

9

5

18

16

29

10

114

32

FW EXHLT

5

12.76

3.84

0.84

1.43

11

12

6

3

114

222

45

17

151

103

HW FI

1

12.83

-

0.38

-

24

-

4

-

19

-

29

-

248

-

FW FP

4

13.75

0.89

0.25

0.02

6

3

6

1

27

2

21

3

108

10

HW FVBX

30

13.83

1.94

0.16

0.11

8

7

9

4

10

16

26

8

110

67

M FVBX

4

17.05

3.42

0.26

0.25

3

1

12

3

18

15

29

7

172

131

FW FVBX

70

12.91

3.20

0.14

0.11

5

5

7

3

9

15

22

10

95

33

HW FVLT

12

13.71

1.99

0.19

0.09

8

8

12

5

10

9

39

14

191

93

FW FVLT

61

14.32

2.57

0.27

0.09

8

6

5

3

27

9

20

6

114

36

HW FVTF

37

12.75

2.91

0.15

0.1

9

10

9

5

7

10

29

15

136

105

M FVTF

6

13.62

5.29

0.26

0.23

7

6

10

6

26

35

22

14

122

68

FW FVTF

32

12.71

1.89

0.16

0.08

5

5

6

2

13

13

20

5

96

14

HW IV

4

12.12

2.75

0.25

0.34

8

6

8

1

28

46

23

4

111

812

HW GAB

8

14.59

1.07

1.36

0.45

60

75

3

1

317

65

27

9

72

31

HW MVBX

17

15.13

1.52

1.42

0.35

10

4

7

2

243

88

27

7

131

27

M MVBX

7

16.44

1.22

1.42

0.15

7

2

9

1

329

104

33

7

162

32

HW MVTF

36

15.29

2.68

1.32

0.41

69

123

6

6

269

105

26

12

91

46

M MVTF

5

15.36

3.75

1.44

0.25

13

7

8

3

326

124

23

3

127

31

FW QFP

6

17.11

1.69

0.32

0.04

10

11

4

2

34

14

21

5

139

24
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Zr/TiO2, Zr/Al2O3, TiO2/Al2O3, and Y/TiO2 ratios from Wolfden’s whole-rock data were plotted
downhole within each individual drill hole (Appendix C). The felsic pyroclastic rock units in the footwall
have average Zr/TiO2 (0.0416-0.0843), Zr/Al2O3 (0.0007-0.0008), TiO2/Al2O3 (0.0085-0.0202), and
Y/TiO2 (0.0027-0.0074) values (Table 5.4). When plotted in the Zr/Al2O3 vs TiO2/Al2O3 plot, two distinct
clusters occur within the footwall felsic pyroclastic rocks (Figure 5.16). These two units are denoted as
“Unit 1” and “Unit 2”, in ascending stratigraphic order (Table 5.4; Figure 5.15). The mafic volcanic units
in the hanging wall exhibit average immobile element ratio values of Zr/TiO2 (0.0151 ± 0.0341), Y/TiO2
(0.0031 ± 0.0058), Zr/Al2O3 (0.0008 ± 0.0004), and TiO2/Al2O3 (0.0865 ± 0.0276). The felsic volcanic
units in the hanging wall have average immobile element ratios of Zr/TiO2 (0.1056 ± 0.0544), Zr/Al2O3
(0.0014 ± 0.0007), and TiO2/Al2O3 (0.0148 ± 0.0099) (Table 5.4). Figures 5.17 and 5.18 show the
differentiated chemostratigraphic units in cross section, which are shown in Figure 5.1, for the East and
West massive sulfide lenses of the Pickett Mountain deposit.

Table 5.4. Selected average immobile element ratios of chemostratigraphic volcanic units in the Pickett
Mountain deposit. HW = hanging wall; FW = footwall; F = felsic volcanic; M = mafic volcanic

Struct

Chemostrat
Unit
Felsic

HW

3

Mafic

FW

2

FW

1

Zr/TiO2

Y/TiO2

Zr/Al2O3

TiO2/Al2O3

AVE

STD

AVE

STD

AVE

STD

AVE

STD

0.1056

0.0544

0.0205

0.0091

0.0014

0.0007

0.0148

0.0099

0.0151

0.0341

0.0031

0.0058

0.0008

0.0004

0.0865

0.0276

0.0843

0.0163

0.0217

0.0074

0.0007

0.0001

0.0085

0.0033

0.0416

0.0063

0.0072

0.0027

0.0008

0.0002

0.0202

0.0064

60

Figure 5.15. Zr/TiO2 vs TiO2/Al2O3 diagram discriminating units with data from whole-rock drill core samples, of chemostratigraphic units in the
East and West massive sulfide lenses of the Pickett Mountain deposit. Units 1 and 2 are in the footwall with Unit 2 being stratigraphically higher.
HW = hanging wall; FW = footwall.
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Figure 5.16. Zr/TiO2 vs TiO2/Al2O3 diagram discriminating units with data from whole-rock drill core samples, of chemostratigraphic units in the
East and West massive sulfide lenses of the Pickett Mountain deposit. HW = hanging wall; FW = footwall.
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Figure 5.17. Cross section of the Pickett Mountain deposit West massive sulfide lens with select drill holes and average Zr/TiO2 values of
stratigraphic units. Broader chemostratigraphic unit boundaries are correlated and highlighted. Location of cross section shown in Figure 5.3.1.
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Figure 5.18. Cross section of the Pickett Mountain deposit East massive sulfide lens with select drill holes and average Zr/TiO2 values of
stratigraphic units. Broader chemostratigraphic unit boundaries are correlated and highlighted. Location of cross section shown in Figure 5.3.1.
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5.8. Discussion
Lithogeochemistry and chemostratigraphy are critical tools in the characterization of and
exploration for VMS deposits. Parsing out the patterns and defining characteristics of various rock units
in stratigraphy, via chemical components, is necessary when common deformation and hydrothermal
alteration obfuscate those patterns and characteristics in VMS deposits. Below is a discussion on the
lithogeochemical and chemostratigraphic results presented above for whole-rock major and minor/trace
element data for the Pickett Mountain deposit.
An initial consideration that must be made is to confirm and identify alteration present in the
stratigraphy of the deposit host rocks. Figure 5.3 shows the mafic volcanics fall outside of the box
representing unaltered basaltic rock compositions and primarily within the Na-spilite or “soda-rich” field
(Graham, 1976; Stillman and Williams, 1979). Additionally, observations in thin section of metadiabase
samples, mentioned in Chapter 2, indicate lower greenschist-grade metamorphism with mineralogical
components of plagioclase, augite, chlorite, and epidote veins. This implies post magmatic alteration has
mobilized sodium in the rocks and has altered the primary major oxide composition. Excess Ca
concentration in the samples likely reflects carbonate deposition within the stratigraphy. The felsic
volcanic rocks also demonstrate effects of hydrothermal alteration with Na depletion (Figure 5.8) and K
enrichment (Figure 5.9). Due to evidence of hydrothermal alteration throughout the stratigraphy of the
Pickett Mountain deposit, HFSE must be used to properly classify the primary rock composition.
The rhyolite-dacite and andesite-basaltic andesite compositions of the Pickett Mountain felsic
volcanic rocks are similar to the compositions seen in the felsic volcanic rocks of the Nepisiguit Falls
(NF), Flat Landing Brook (FLB), and elsewhere in the Bathurst Mining Camp (Figure 5.11; Whitehead
and Goodfellow, 1978; Lentz, 1996). The mafic volcanic tuff and breccia mostly show basaltic
compositions with lesser andesite/basaltic andesite compositions within the footwall and hanging wall
units (Figure 5.4). The samples of diabase (GAB) are basaltic in composition and the felsic intrusive
sample shows a rhyolite-dacite composition.
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Previous studies have interpreted the tectonic setting of the Pickett Mountain deposit, and other
VMS deposits within the related BMC, as a continental back-arc basin (van Staal, 1987; 1994; Ayuso et
al., 2003; Ayuso and Schulz, 2003; Schulz and Ayuso, 2003; van Staal et al., 2003). Trace-element
tectonic discrimination diagrams are a useful tool, using whole-rock geochemical data from drill core
samples, to assess these interpretations and constrain the tectonic setting of the Pickett Mountain deposit.
The Zr/TiO2 vs Y/TiO2 diagram is a useful tool in determining the magmatic affinity of altered
volcanic rocks via immobile HFSE ratios (Condie, 1976; Lesher et al., 1986; Rogers, 1995; Lentz, 1996).
The common denominator of TiO2 allows the diagram to demonstrate the Zr/Y ratios that differentiate
samples between tholeiitic (Zr/Y=2-4.5), transitional (Zr/Y=4.5-7), and calc-alkaline (Zr/Y=7-25)
magmatic affinities. Previous studies have shown that the felsic volcanic host rocks in the Bathurst
Mining Camp have transitional to tholeiitic affinities. The mean Zr/Y ratios of felsic volcanic rocks in the
Bathurst Mining Camp are slightly different between and within the California Lake (Spruce Lake
Formation: 2.20 – 4.02; Mount Brittain Formation: 3.65 - 6.32) and Tetagouche groups (Nepisiguit Falls
Formation: 5.00 – 5.02; Flat Landing Brook Formation: 6.53 – 7.37) (Rogers, 1995; Rogers et al., 2003).
The results for the felsic and mafic volcanic rocks of the Pickett Mountain deposit show that the footwall
sequence of felsic volcanic rocks have transitional to tholeiitic affinities and the hanging wall felsic
volcanic rocks also have transitional to tholeiitic affinities (Figure 5.5 and 5.12). The samples of
intermediate volcanics (IV), mafic volcanic breccia (MVBX) and tuff (MVTF), and exhalative rocks also
show dominantly tholeiitic to transitional affinities. Samples of diabase (GAB) in the upper hanging wall
have tholeiitic affinity. The Zr/TiO2 vs Y/TiO2 diagrams presented demonstrate a general trend of the
Pickett Mountain bimodal volcanism evolving from transitional to tholeiitic magmatic affinity. This
evolution of magmatic affinity is possibly recording the developmental stages of continental arc extension
and back-arc rifting. Stages of continental arc extension are characterized by intermediate to felsic
volcanism where back-arc rifting is characterized by tholeiitic basalts and diabase dikes (Busby et al.,
1998; Fackler-Adams and Busby, 1998).
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The results from the Nb-Y diagrams (Figure 5.13) for the Pickett Mountain felsic volcanic rocks
and the Zr-Nb-Y diagrams (Figure 5.6) for the mafic volcanic rocks indicate a volcanic back-arc setting.
The mafic volcanic rocks were plotted on immobile element primitive mantle-normalized diagrams to
further understand the tectonic setting. Enrichment in the LFSE, represented by Th due to its immobility,
as well as anomalous negative Nb, in relation to Th and La show the mafic volcanics have arc-related
signatures (Swinden, 1996; Pearce, 1996). Anomalous positive Th also indicates an arc signature.
As proxies, the concentrations and ratios of Fe, Mn, Ti, and Al can contribute to understanding
the depositional environment and how it may have evolved over time of the Pickett Mountain deposit
(Whitehead, 1973; Lentz et al., 1996; Goodfellow et al., 2003; Boström, 2009; Piercey et al., 2016).
Through the development of the back-arc basin and the Pickett Mountain deposit stratigraphy, the
sedimentary rocks can provide insight on the evolution of ambient redox conditions at the bottom of the
water column. The Fe/Ti vs Al/(Al+Fe+Mn) discrimination diagram, from Boström (2009), determines
the hydrothermal (Fe and Mn) and terrigenous (Al and Ti) inputs present in sedimentary rocks. Figure
5.14a demonstrates the sedimentary rocks of the Pickett Mountain deposit plot in the terrigenous field and
are clastic/terrigenously sourced.
Redox conditions play an important role in the formation of VMS deposits, where reduced
ambient conditions at the bottom of the water column provide efficient conditions for massive sulfide
deposition (Goodfellow et al., 2003). The MnO (wt %) vs Fe/Mn diagram, from Whitehead (1973), uses
the sensitivity of Mn to the ambient redox conditions (Krauskopf, 1957). Oxygenated conditions result in
higher Mn contents because of the ability of Mn4+ to precipitate as oxides. Reduced conditions inhibit the
precipitation of Mn oxyhydroxides, causing accumulation of Mn2+ within the water column. Examples of
this relationship between Mn solubility and ambient redox conditions can be seen in the elevated MnO
content (800 – 2,600 ppm) of hemipelagic sediments in the oxygenated conditions of Middle Valley, Juan
de Fuca Ridge (Goodfellow and Peter, 1994) or the depleted Mn content of sediments in the anoxic
conditions of the Black Sea (Brewer and Spencer, 1974). Figure 5.14b demonstrates the redox conditions
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of the water column during deposition of marine sediments. Anoxic waters result in high Fe/Mn and low
MnO (wt %) values, while oxygenated waters result in low Fe/Mn and high MnO (wt %) values. Figure
5.14b shows that the footwall sedimentary rocks likely formed in more anoxic conditions and the hanging
wall rocks deposited under increasingly oxygenated conditions through the development of the back-arc
basin.
The results of this study compared to regional data from other studies within the BMC and
Meductic Group, of the southwestern area of the Miramichi Highlands, show similarities and differences
between the lithologies of Pickett Mountain and other VMS deposits. The sedimentary, MDST rocks of
the Pickett Mountain deposit more closely resemble the sedimentary rocks of the Miramichi Group, with
Al2O3 (>15 wt %) and TiO2 (0.9 – 1.1 wt %) content, than those of the Nepisiguit Falls Formation, with
Al2O3 (<15 wt %) and TiO2 (0.4 – 0.9 wt %) (Lentz et al., 1997). When compared to geochemical data
from Brunswick #6 deposit (Wills et al., 2006), the felsic volcaniclastic rocks, of Pickett Mountain
variably resemble the Nepisiguit Falls (Zr = 312 ± 74 ppm; Nb = 16 ± 3 ppm; Y = 43 ± 3 ppm; Th/Nb =
1.08 ± 0.37) and Flat Landing Brook (TiO2 = 0.46 ± 0.15 wt %; Zr/TiO2 = 0.107 ± 0.043; Y/TiO2 = 0.014
± 0.010) formations of the Tetagouche Group. The Pickett Mountain felsic volcaniclastic rocks more
closely resemble those of the Porten Road Formation (Zr/TiO2 = 0.012 – 0.286 wt %) than the Eel River
Formation (Zr/TiO2 = 0.004 – 0.043 wt %) (McClenaghan et al., 2006).
The volcanic and sedimentary rocks of the Pickett Mountain deposit are intensely deformed and
hydrothermally altered which obfuscate the primary textures and major oxide compositions that would
help characterize and differentiate the deposit’s various stratigraphic units. Employing a
chemostratigraphic approach with immobile HFSE ratios (e.g., Zr/TiO2, Zr/Al2O3, Zr/Y, Al2O3/TiO2) has
been proven to be an effective method for correlating stratigraphic units in the altered volcanic sequences
hosting VMS deposits (Lesher et al., 1986; MacLean and Barrett, 1993; Barrett and MacLean, 1994;
Lentz, 1996; Lentz et al., 1996; Lentz, 1998; Downey, 2006; Hokka, 2020; Jimenez-Gonzalez, 2020).
Due to the large area covered by the drill holes in the Pickett Mountain deposit, very few singular rock
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units (volcanic, intrusive, and sedimentary) are continuous within and across the two main massive
sulfide lenses (East and West). Division of chemostratigraphic units, sections of multiple stratigraphic
units as logged, can be recognized and correlated between cross sections of the East and West lenses.
Based on Zr/TiO2, Y/TiO2, Zr/Al2O3, and TiO2/Al2O3 ratios, the Pickett Mountain deposit can be
subdivided into broader chemostratigraphic units. Moving upward in the footwall, two felsic volcanic
chemostratigraphic units can be distinguished (Figures 15 and 5.16). Units 1 and 2 are made of mixed
felsic volcanic breccia, quartz-crystal lapilli tuff, and cherty tuff. The TiO2/Al2O3 ratio is the most useful
discriminator between these units, as shown in Figure 5.15 where the two units form distinct clusters.
Al2O3 is used as a common denominator (immobile element) to minimize the effects of alteration for
those diagrams (immobile element ratios). The two units can be seen to correlate across the deposit,
clearly present in cross-sections of both the East and West massive sulfide lenses. The heterogeneous and
bi-modal nature of the hanging wall volcanic rocks, in addition to a lack of sufficient lithogeochemical
data in the hanging wall, make further chemostratigraphic differentiation impossible for this study (Figure
5.16). For this reason, the hanging wall bimodal volcanic sequence is lumped together into one singular
chemostratigraphic unit (Unit 3). Despite the inability to thoroughly describe the chemostratigraphic
characteristics of Unit 3, which would help interpret if any folding has occurred, the fact that mafic
volcanic rocks rarely are seen within the footwall indicate there are no larger folds across the Pickett
Mountain deposit stratigraphy.
Hydrothermal alteration is ubiquitous in the formation of VMS deposits around the world and
important in illustrating fluid pathways and determining the physical and chemical conditions during fluid
movement (Piercey, 2010; Shanks and Thurston, 2012). The hydrothermal alteration of only a few
deposits in the BMC has been documented in detail: Brunswick #12 (Goodfellow et al., 1974; Juras,
1981; Lentz and Goodfellow, 1994; Lentz and Goodfellow, 1996; Luff, 1996; Lentz et al., 1996),
Brunswick #6 (Nelson, 1983; Lentz, 1999; van Staal and Williams, 1984), Heath Steele (Wahl, 1977;
Lentz et al., 1997), Halfmile Lake (Adair, 1992), and Caribou (Goodfellow, 2003). Application and study
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of alteration patterns and indices can be an extremely useful tool in guiding exploration for VMS deposits
as well as additional massive sulfide targets within a known deposit (Galley, 1993; Galley et al., 2007;
Piercey, 2010).
Like VMS deposits in the BMC, the Pickett Mountain deposit has been subjected to subgreenschist facies regional metamorphism. This, in addition to hydrothermal alteration, can partially to
fully modify the mineralogical assemblage of the deposit host rocks. There are two types of alteration
associated with VMS deposits: regional-scale semi-conformable and deposit-scale proximal or pipe-like
alteration (Galley, 1993).
The regional semi-conformable alteration zones are controlled by isotherms from the heat source
to the ocean floor and have large lateral extents (10-100s of km) where alteration is patchy in nature. The
alteration zones exhibit gains and losses of Si, Ca, Fe, Mg, Na, K, and base metals. The regional semiconformable hydrothermal alteration zones specifically show enrichments in Mg-K, enrichments in NaMg, Na, and Ca-Fe with increasing depth, respectively (Galley, 1993). Immediately surrounding the
structural conduit of a fault, overlying the magmatic intrusion, semi-conformable alteration zones follow
the elevated pathways of isotherms. The lateral extent of semi-conformable alteration zones is controlled
by the lateral extent of the underlying intrusion (Galley, 1993).
Deposit-scale, proximal/pipe-like alteration zones surround and emanate from the stockwork zone
in the footwall. They have much smaller lateral extents (less than a few hundred meters) but may extend
to a kilometer vertically within the stratigraphy (Piercey, 2010; Shanks and Thurston, 2012). The
proximal alteration zones, reflecting the decrease of temperature with distance from the stockwork zone,
are characterized by a Fe-rich chlorite + quartz + phengite ± pyrite core, Fe-Mg chlorite + phengite +
albite rim, and an albite + Mg-rich chlorite envelope (Goodfellow, 2007). Na depletion, as well as K
enrichment, is nearly ubiquitous in all VMS deposit proximal alteration patterns, increasing closer to the
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center of the stockwork (Franklin, 1997). Tl and Sb enrichment halos have also been shown to be a
potentially reliable proximal alteration index (Large et al., 2001).
Three alteration indices were used to discriminate the hydrothermal alteration of the Pickett
Mountain deposit: Spitz-Darling index (Al2O3/Na2O vs Na2O; Spitz and Darling, 1978), Na and K
metasomatism (K2O+Na2O vs 100*K2O/Na2O+K2O; Hughes, 1972), and Tl/Sb ratio (Large et al., 2001).
In Figure 5.9, the hanging wall samples variably plot within the Na and K-metasomatism fields, while the
footwall units are more heavily concentrated with the K-altered field, reflecting moderate to intense
proximal alteration in the footwall and variable weak to intense proximal alteration in the hanging wall.
This may be the result of periods of recharged hydrothermal fluids during various stages or episodes of
mineralization. Like the results from Figure 5.9, the Spitz-Darling index (Figure 5.8) indicates moderate
to intense proximal alteration in the footwall and variable weak to intense proximal alteration in the
hanging wall, potentially due to continued or intermittent hydrothermal fluid movement in the life cycle
of the deposit formation.
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CHAPTER 6
PORTABLE X-RAY FLUORESCENCE LITHOGEOCHEMISTRY
6.1. Introduction
Lithogeochemical analyses, via portable X-Ray fluorescence (pXRF), were utilized for
characterization and discrimination of the various lithological and stratigraphic units and alteration
patterns of the Pickett Mountain deposit. Numerous studies have utilized pXRF technology for
exploration and characterization of VMS and other types of deposits (Gazley et al., 2011; Arne et al.,
2014; Durance et al., 2014; Simandl et al., 2014; Garcelon et al., 2016; Mauriohooho et al., 2016; Zhang
et al., 2017; Hokka and Virnes, 2018; Somarin, 2019; Gray and Van Rythoven, 2020; Jimenez-Gonzalez,
2020; Lemière and Uvarova, 2020; McNulty et al., 2020). Compared to conventional XRF methods,
pXRF geochemical analysis produces real time data at lower unit analysis costs. In addition, samples are
not destroyed in the process and can be referred to afterwards if needed. Lithogeochemical analysis via
pXRF has been shown to have good correlation, for certain elements, with conventional laboratory
methods (Hall et al., 2011, 2013; Fisher et al., 2014). The purpose of utilizing the pXRF method is to
assess its viability as a tool for exploration and lithogeochemical data collection in and around the Pickett
Mountain deposit and to help construct the most detailed chemostratigraphy of the deposit system.
6.2. Methods
Nondestructive, in situ, multi-element geochemical analyses of drill core samples were obtained
with a handheld ThermoScientific™ Niton™ XL3t GOLDD+ XRF analyzer in combination with a XL3
Series Portable SmartStand and the ThermoScientific™ NDT software. The recommendations and
procedural workflows of Hall et al. (2011, 2013) and Fisher et al. (2014) were followed to maximize the
quantitative value of data from Pickett Mountain drill core samples.
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Two drill holes (Figure 5.1; PM-18-03 and PM-18-21), totaling of 653 m length, were analyzed in
the 2018 summer field season. One analysis per spot, in the “Mining Cu-Zn” mode with a 120 second
integration time, was utilized for these two holes before a more systematic approach was developed in the
2019 summer field season. Six drill holes (Figure 5.1; PM-18-04, PM-18-07, PM-18-28, PM-18-029A,
PM-18-31, and PM-136), totaling 3270 m, were analyzed in the 2019 summer field season. The analyzer
was utilized in the “TestAll Geo” mode with a two-minute integration time over 1, 5, or 10 separate
analysis spots. Both analysis modes (TestAll Geo and Mining Cu-Zn) involved four different beams
during analysis: Main (50 kV), High (50 kV), Low (20 kV), and Light (8 kV).
Decreased sample interval spacing and increased number of analyses per spot, depending on
lithology, minimize error due to meso- and microscale heterogeneity within the core. Figure 6.1
demonstrates the effect of microscale heterogeneity, in the lithology, and the number of analysis spots per
sample. Rock types that are fine-grained and homogenous can be analyzed fewer times, per sample, to
characterize average elemental compositional values. Due to time restrictions and the homogeneity of
certain lithologic units, different numbers of analysis spots per drill core sample were used. Figure 6.1a
shows that the difference in relative standard deviation (RSD) of 5 analysis spots versus 10 analysis spots
for a fine-grained, homogenous rock type is largely negligible. For a rock type that is coarse-grained
and/or heterogenous like the felsic volcanic lapilli tuff (Figure 6.1b), the RSD is significantly lower, for
most elements, when analyzed 10 times than 5 times. Some elements show this relationship flipped, but
this is likely due to heterogeneity producing outliers and most elements show significant decrease in RSD
due to increased number of analysis spots.
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Figure 6.1. Cross-polarized photomicrographs and relative standard deviation plots of 5 vs 10 pXRF
analysis spots for select rock types from the Pickett Mountain deposit. (a) fine-grained, homogenous,
intrusive diabase [PM-18-021A] and (b) heterogenous felsic lapillus tuff [PM-18-014B] from the Pickett
Mountain deposit. The photomicrographs of polished thin sections from drill core samples, are
representative of the drill core samples analyzed and plotted on the right.

Representative analysis spots were chosen by consulting Wolfden’s logs of the varying
lithological units down hole in addition to independently logging and observing the core. Analysis spots
were chosen as representative of each unit and to avoid heavy local alteration and mineralization. Once
spots were chosen, those segments of the core were removed from the core boxes and labelled so they
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could be returned to their original location after analysis. Samples were cut in half with a rock saw to
establish a flat surface geometry for analyses. A flat analysis geometry maximizes the counts detected by
the analyzer, and consequently the accuracy of determining average concentrations (Simandl et al., 2014;
Lemière, 2018). Once the spots were analyzed, they were returned to the core boxes to keep the
lithological records complete.
Certified reference materials (CRMs), in powder form, were analyzed, before and after each
analysis session, allowing for the correction of machine drift and noise in the data. Six CRMs were
analyzed: MA-2c, MP-1b, MRG-1, and SY-4 distributed by Natural Resources Canada; SBC-1, produced
by the United States Geological Survey, and a SiO2 blank (180-647) produced and packaged with the
portable ThermoScientific™ Niton™ XL3t GOLDD+ XRF analyzer.
Correcting the raw pXRF data required calculating detection limits as well as calibration
correction curves. Detection limits, the concentration required for the pXRF gun to detect individual
elements above the background noise, were defined as three times the standard deviation in silica blank
CRM analyses (Equation 6.1; Hall et al., 2011).
Detection Limit = 3σ……………..Equation 6.1.

During analysis, if the pXRF gun is unable to detect the element concentration above the
background noise, the value is returned as “<LOD”. Those values are changed in the table to half the
detection limit. To correct raw data, CRM analysis values (y-axis) are plotted against published CRM
values (x-axis) to establish a linear calibration curve with intercept and slope (Equation 6.2) for each
element. The intercept is subtracted from the raw data and the difference is divided by the slope (Equation
6.2; Figure 6.2; Simandl et al., 2014). Lithogeochemical analysis via pXRF has been shown to have good
correlation, for certain elements, to conventional laboratory methods through the use of coefficient of
determination (R2) values (Hall et al., 2011, 2013; Fisher et al., 2014). The quality of the calibration
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corrections in this study were determined, via R2 values, before applying them to the raw data; the most
reliable calibration curves will have R2 values closer to 1. Values closer to zero indicate calibration
corrections would likely only introduce additional error to the data and should not be applied. In this
study, elements with CRM calibration curves showing R2 values lower than 0.7 were not corrected for the
pXRF drill core data.
y = mx +b
(pXRF reading) = slope (expected value) + intercept
Corrected pXRF =

(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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…………………...Equation 6.2.

Figure 6.2. Selected pXRF linear calibration curves for CRM analyses during PM-18-003 drill core
analysis. Expected=published CRM values; Measured=measured pXRF value.
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6.3. Results
Heavy hydrothermal alteration within the Pickett Mountain deposit requires the use of immobile
HFSE geochemistry to identify and discriminate rock type, tectonic and magmatic affinity. Factory
default settings of the ThermoScientific™ Niton™ XL3t GOLDD+ XRF analyzer do not include the
element yttrium (Y), a critical HFSE in numerous rock type, tectonic and magmatic affinity
discrimination diagrams, in any of the analysis modes.
Table D.1 contains the pXRF data discussed in this chapter (Appendix D) with major oxide (wt
%) and trace element (ppm) concentrations for each analysis spot within the drill core. Lithology codes
denoting rock type (MVBX, FVLT, MS, etc) are from Wolfden Mt. Chase LLC’s core logging and are
listed in Table 5.3.1. Drill core lithology profiles show the pXRF geochemical, HFSE ratio data down
hole for the eight drill holes (Figure 5.1; Table 5.2) selected for analysis in this study (Appendix E).
Figure 6.3 shows the percentages of rock types analyzed out of the 744 total drill core analysis
spots. The percentage of rock type, by pXRF analysis spots in the stratigraphy, is dominated (61 %) by
mixed felsic quartz-crystal lapilli tuff (FVLT; 23 %), felsic breccia (FVBX; 16 %), and felsic cherty tuff
(FVTF; 12 %) units (Figure 6.3). Slates with minor interbedded siltstones (25 %) that often occur in thick
sequences at the top and towards the bottom of the stratigraphy make up the second largest percentage
(Figure 6.3). The next largest percentage is the mafic pyroclastic rocks (13 %) with mafic tuffs (MVTF; 8
%) and mafic breccias (MVBX; 5 %) which occur in the hanging wall. Analyses of intrusive diabase in
the hanging wall comprise 6 % and exhalite horizon (EXHLT), iron formation (IF), conglomerate
(CONG), feldspar porphyry (FP), and others make up the remaining 5 %.
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Figure 6.3. Pie chart showing percentages of various rock types by pXRF analysis of drill holes in the
Pickett Mountain deposit.

6.3.1. Sourcing of Sediments and Ambient Seafloor Redox Conditions
The sedimentary and exhalative rocks in the hanging wall and footwall of the deposit have
Al/(Al+Fe+Mn) values mostly between 0.4 and 1; Fe/Ti ratio values (3 – 30) (Figure 6.4a). The
sedimentary rocks have MnO concentrations of 0 to 8.5 wt % and Fe/Mn values of 0 - 62 in the hanging
wall. In the footwall, they have MnO concentrations are less than 1.5 wt % and Fe/Mn values ranging
from 12 to 190 (Figure 6.4b).
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Figure 6.4.
Al/(Al+Fe+Mn) vs Fe/Ti and Fe/Mn vs MnO (wt%) discrimination diagrams for pXRF
geochemical analysis of sedimentary and exhalative rocks of the Pickett Mountain deposit (a) Fe/Ti vs
Al/(Al+Fe+Mn) discrimination diagram; field boundaries from Boström (1973). (b) MnO (wt %) vs
Fe/Mn discrimination; field boundaries from Whitehead (1973). (HW=hanging wall; FW=footwall;
EXHLT=exhalite; IF=iron formation; MDST=slate; SED=sediments).
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6.3.2. Chemostratigraphy
Table 6.1 shows descriptive statistics for the ratios and concentrations of immobile elements for
the various rock types analyzed via pXRF in the Pickett Mountain deposit. The average Al2O3
concentration of the varicolored slates (MDST) is 24.32±9.52 wt % in the hanging wall and 17.94±9.43
wt % in the footwall. The hanging wall concentration of TiO2 is MDST units is 0.98±0.31 wt % and
0.91±0.33 wt % in the footwall. MDST Cr concentrations are 100±53 ppm in the hanging wall and 50±24
ppm in the footwall.
Hanging wall felsic quartz-lapilli tuff (FVLT) units have average Zr concentrations of 214±115
ppm and 128±45 ppm; Ti concentrations of 17±11 ppm and 6±5 ppm, in the hanging wall and footwall
respectively. Average HFSE ratios for the FVLT are Zr/TiO2 (0.079±0.046), Zr/Al2O3 (0.0015±0.0007),
TiO2/Al2O3 (0.02±.0.02), and Zr/Nb (15.23±6.92) in the hanging wall; Zr/TiO2 (0.037±0.014), Zr/Al2O3
(0.0008±0.0003), TiO2/Al2O3 (0.03±.0.02), and Zr/Nb (27.39±15.62) in the footwall. Felsic breccia
(FVBX) units have Zr/Al2O3 average values of 0.0009±0.0004 in the hanging wall and 0.0013±0.0033 in
the footwall. Felsic cherty tuff (FVTF) units in the deposit exhibit Zr/TiO2 values of 0.052±0.025 and
0.039±0.01 in the hanging wall and footwall respectively.
The mafic rocks of the Pickett Mountain deposit occur within the hanging wall stratigraphy.
Mafic breccia (MVBX) and tuff (MVTF) units have concentrations of TiO2 ranging from 1.06 to 1.08 wt
%, V (133-192 ppm), Cr (59-97 ppm), Zr (130-164 ppm), and Nb (6-11 ppm).
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Table 6.1. Average immobile element concentrations and ratios of Pickett Mountain deposit pXRF
analyses of drill core.
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HFSE ratios (Zr/TiO2, Zr/Al2O3, TiO2/Al2O3, Zr/Nb) were plotted downhole for the drill holes
selected for pXRF analysis in this study (Appendix D). The felsic pyroclastic footwall units have average
Zr/TiO2 (0.039 – 0.056), Zr/Al2O3 (0.0007 – 0.0008), TiO2/Al2O3 (0.0145 – 0.0199), and Zr/Nb (10.9 –
26.1) values (Table 6.2). Figure 6.5 shows two distinct clusters in the footwall units, when the pXRF
analyses are plotted in the Zr/Al2O3 vs TiO2/Al2O3 graph. These two clusters are denoted as
chemostratigraphic “Unit 1” and “Unit 2”, in ascending stratigraphic order. Both Unit 1 and 2 are
composed of entirely felsic pyroclastic rocks. Analyses of the hanging wall stratigraphy, with bimodal
pyroclastics, show Zr/TiO2 (0.016 ± 0.020), Zr/Al2O3 (0.0008 ± 0.0004), TiO2/Al2O3 (0.0713 ± 0.0239),
and Zr/Nb (24.4 ± 15.9) values in the mafic rocks and Zr/TiO2 (0.068 ± 0.053), Zr/Al2O3 (0.0015 ±
0.0007), TiO2/Al2O3 (0.0408 ± 0.0312), and Zr/Nb (14.8 ± 6.0) values in the felsic rocks (Table 6.2). The
bimodal pyroclastic rocks in the hanging wall are denoted as “Unit 3” (Figure 6.5).

Table 6.2. Selected average immobile element ratios of chemostratigraphic volcanic units in the Pickett
Mountain deposit. HW = hanging wall; FW = footwall; F = felsic volcanic; M = mafic volcanic

Struct

HW

FW
FW

Chemostrat
Unit

Zr/TiO2

Zr/Al2O3

TiO2/Al2O3

Zr/Nb

AVE

STD

AVE

STD

AVE

STD

AVE

STD

Felsic

0.068

0.053

0.0015

0.0007

0.0408

0.0312

14.8

6.0

Mafic

0.016

0.020

0.0008

0.0004

0.0713

0.0239

24.4

15.9

2

0.056

0.014

0.0007

0.0002

0.0145

0.0068

10.9

5.8

1

0.039

0.005

0.0008

0.0001

0.0199

0.0046

26.1

10.6

3
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Figure 6.5. Zr/TiO2 vs TiO2/Al2O3 discriminating units, with data from pXRF drill core analyses, of chemostratigraphic units in the East and West
massive sulfide lenses of the Pickett Mountain deposit. Units 1 and 2 are in the footwall with Unit 2 being stratigraphically higher. HW = hanging
wall; FW = footwall.
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6.4. Discussion
Portable X-Ray fluorescence has been an increasingly important and useful tool in exploration
geology and lithogeochemical analysis. The time, cost, and non-destructive benefits of the technology
make it a desirable alternative to conventional lab methods of acquiring geochemical data. However,
without implementing proper QA/QC methods, pXRF data can only be applied as qualitative data
comparing relative concentrations in samples (Hall et al., 2013; Fisher et al., 2014).
Due to monetary and time restrictions of this study, Yttrium could not be included in the multielement analyses with the ThermoScientific™ Niton™ XL3t GOLDD+ XRF analyzer. This element is
crucial to multiple rock type, tectonic setting, and magmatic affinity discrimination diagrams that
incorporate HFSE to avoid the secondary compositional effects of hydrothermal alteration. If time and
funding had allowed, this element would have been a very useful addition in pXRF analysis.
Fe, Mn, Al, and Ti are useful proxies in determining the provenance of sedimentary rocks and the
water column redox conditions during marine deposition of sediments (Whitehead, 1973; Lentz et al.,
1996a; Goodfellow et al., 2003; Boström, 2009; Piercey et al., 2016). The Fe/Ti vs Al/(Al+Fe+Mn)
discrimination diagram (Boström, 2009) determines the hydrothermal (Fe and Mn) and terrigenous (Al
and Ti) inputs present in sedimentary rocks. Figure 6.4a demonstrates the sedimentary rocks of the Pickett
Mountain deposit plot in the terrigenous field for pXRF analysis. Deposition of sediments in anoxic
waters result in high Fe/Mn and low MnO (wt%) values while deposition in oxygenated waters result in
low Fe/Mn and high MnO (wt%) values for the discrimination diagram from Whitehead (1973). Figure
6.4b shows that the footwall sedimentary rocks likely formed in more anoxic conditions and the hanging
wall rocks deposited under increasingly oxygenated conditions through the development of the back-arc
basin. These results are similar to those of the whole-rock lithogeochemical data (Figure 5.14).
Similar to the chemostratigraphic results in the previous chapter, the Pickett Mountain deposit
stratigraphy can be divided into three volcanic chemostratigraphic units based on HFSE ratios (Figure
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6.5) via pXRF analysis of drill core. While the multiple HFSE ratios (Zr/TiO2, Zr/Al2O3, TiO2/Al2O3,
Zr/Nb) are useful in differentiating chemostratigraphic units in hydrothermally altered terranes of VMS
deposits, the Zr/TiO2 ratio proves, in this study as well as numerous others, to be the most useful (Lentz
and Wilson, 1997; Wills et al., 2006; Jimenez-Gonzalez, 2020; etc). Two separate mixed felsic volcanic
chemostratigraphic units are recognizable in the stratigraphic footwall (Unit 1 and Unit 2) in both the East
and West massive sulfide lenses. These units stratigraphically overlie sediments that are likely a part of
the Grand Pitch Formation. The average Zr/TiO2 ratio of Unit 1 is 0.0389±0.0048 and 0.0556±0.0139 for
Unit 2 (Table 6.2). Although the Unit 2 Zr/TiO2 value for pXRF analysis is lower than that of the wholerock data (0.0846±0.0163), it is comparative to Unit 1, a large enough gap to differentiate the two units in
the footwall (Figure 6.5). The hanging wall stratigraphy is more complex than the footwall, having
interlayered mafic and felsic volcanic pyroclastic rocks with lesser sedimentary rocks and intrusive dikes
of diabase. The mafic and felsic volcanic rocks in the hanging wall are difficult to differentiate into
chemostratigraphic units and would require further pXRF analysis of additional drill cores to be able to do
so. For the purposes of this study, the felsic and mafic pyroclastic rocks in the hanging wall were grouped
as a large heterogeneous chemostratigraphic “Unit 3”.
The procedural methodology presented in this chapter, modified from the procedural
recommendations of others (Hall et al., 2011, 2013; Fisher et al., 2014), produced results that effectively
show similar results derived from the Pickett Mountain deposit drill core geochemical dataset obtained
using conventional analytic methods. So long as similar methodologies are followed, lithogeochemical
analysis via the ThermoScientific™ Niton™ XL3t GOLDD+ XRF analyzer is a reliable, non-destructive,
fast, and cost-effective alternative for the development of the Pickett Mountain deposit as well as guide
exploration for additional VMS deposits in Maine.
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CHAPTER 7
CONCLUSIONS
The Pickett Mountain deposit, located ~15 miles north of Patten, Maine, is a Zn-Pb-Cu-Ag (±Au)
volcanogenic massive sulfide (VMS) deposit hosted by the Weeksboro-Lunksoos Lake Belt (WLLB).
Although the deposit (2.05 Mt – Indicated) is a relatively low-tonnage, compared to other regional VMS
deposits in Maine (e.g., Bald Mountain – 30 Mt), the world-class Bathurst Mining Camp (e.g., Brunswick
#12 – 128 Mt) and Newfoundland (e.g., Buchans – 16 Mt), its high ore grades (9.88 % Zn, 3.93 %, Pb,
1.38 % Cu, 101.5 g/t Ag, and 0.92 g/t Au) make the Pickett Mountain a desirable target for base metal
mining. Currently the deposit is owned and being developed by Wolfden Mt. Chase LLC.
Characterization and differentiation of the regional- and deposit-scale geology and lithology, as well as
determination of the timing and tectonic setting of massive sulfide deposition of the deposit are critical
components in better understanding the geology of northern Maine and guiding the development and
exploration of base-metal resources in Maine.
Extensive bedrock mapping, combined with petrographic observations in this study has improved
the understanding of how the pyroclastic, igneous, and sedimentary units correlate to each other within
the WLLB in the area around Mt Chase, Shin Pond, and Roberts Mountain and at the Pickett Mountain
deposit. The oldest strata are varicoloured slates, laminated siltstone, greywacke, and quartzite of the
Cambrian (?) Grand Pitch Formation. Unconformably overlying the Grand Pitch Formation is tuffaceous
sandstone and mixed bimodal, dominantly felsic, pyroclastic rocks of the Early-Middle Ordovician Shin
Brook Formation. The Pickett Mountain deposit is hosted by a sequence of mixed pyroclastic quartzcrystal lapilli and cherty felsic tuffs, felsic breccias, mafic pyroclastic tuffs and breccias, and local layers
of slate, which are interpreted to be a part of the Shin Brook Formation. At the stratigraphic top of the
Shin Brook Formation, forming the Mt. Chase - Pickett Mountain ridge, is a large intrusive body of
metadiabase with a few occurrences of basaltic and rhyolitic flows. The southeast limb of the WLLB, is
fault bound with Silurian formations, including the Early Silurian Allsbury and Perry formations of slate,
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greywacke, and quartzite. On the northwest limb of the WLLB, the Grand Pitch Formation and Shin
Brook Formation are either unconformably overlain by the Devonian Seboomook Group conglomerate,
fossiliferous limestone and calcareous sandstone, and turbidites of sandstone and slate or fault bound with
the Seboomook Group. A body of intrusive, medium- to coarse-grained porphyritic granite, the Pleasant
Lake granite named in this study, was recognized intruding most of the core of the WLLB. Based on the
intrusive relationship to the Shin Brook Formation, the Pleasant Lake granite is interpreted as likely
Devonian. The previously mapped Rockabema quartz diorite, also intruding the core of the WLLB, was
constrained to a smaller area within the WLLB.
Lithogeochemical analysis, via concentrations and ratios of immobile high-field strength
elements (HFSE; Zr, Y, Nb, Ti, Al) of the lithologic units within the Pickett Mountain deposit provide
reliable characterization of rock type classification, magmatic affinity, and tectonic setting, of the Pickett
Mountain volcanic sequences. The compositionally rhyolitic to dacitic felsic pyroclastic rocks, present in
both the hanging wall and footwall of the Pickett Mountain deposit, have transitional (to arc) to tholeiitic
magmatic affinities and volcanic arc tectonic affinities. The basaltic, mafic pyroclastic tuffs and breccias,
in the hanging wall sequence, have transitional to tholeiitic magmatic affinities and volcanic back-arc
tectonic affinities. Paired with the presence of intrusive diabase at the top of hanging wall stratigraphy,
the bimodal volcanism within the hanging wall, indicates a back-arc rifting stage occurring within the
WLLB, after a continental arc extensional stage with felsic-dominated volcanism. The sedimentary rocks
of the deposit, which have terrigenous origins, record the ambient seafloor redox conditions through the
stratigraphy. The back-arc basin ambient seafloor was more reduced as the footwall rocks were deposited
and became increasingly oxidized over time as the hanging wall rocks were deposited.
U-Pb zircon LA-ICP-MS analyses provide new ages for hanging wall and footwall samples from
the Pickett Mountain host rocks. Ayuso et al. (2003) reported an age of 467 ± 5 Ma for a crosscutting
dacitic porphyry intrusion at the deposit. The results presented here constrain the age of massive sulfide
deposition between 481 ± 3 Ma (footwall) and 485 ± 2 Ma (hanging wall). The older age indicates the
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Pickett Mountain deposit formed within an earlier stage of back-arc rifting of the WLLB, which further
confirms the diachronous nature of the transition from extension and back-arc basin development of the
Popelogan arc and Gander terrane.
Chemostratigraphic differentiation, through HFSE ratios (Zr/TiO2, Nb/TiO2, Y/TiO2, TiO2/Al2O3,
and Zr/Al2O3), consistently divide the volcanic sequence at the Pickett Mountain deposit into three
distinct chemostratigraphic units. These units are recognized across multiple drill holes in the stratigraphy
of both the East and West massive sulfide lenses. The three units (Units 1-3) are made of mixed
pyroclastic (volcaniclastic) rocks. Units 1 and 2 are located in the footwall and are composed of only
felsic pyroclastic rocks. Unit 3, in the hanging wall, is a larger chemostratigraphic unit composed of
bimodal pyroclastic rocks. In order of ascending stratigraphic order: Unit 1 (average Zr/TiO2 = 0.0416 ±
0.0063); Unit 2 (average Zr/TiO2 = 0.0843 ± 0.0163); Unit 3 mafic (average Zr/TiO2 = 0.0151 ± 0.0341)
and felsic (average Zr/TiO2 = 0.1056 ± 0.0544). The heterogeneous and bimodal nature of the hanging
wall volcanic rocks, in addition to a lack of sufficient lithogeochemical data in the hanging wall, make
further chemostratigraphic differentiation impossible for this study.
The utilization of portable X-Ray fluorescence (pXRF) technology for multi-element drill core
analysis, was aimed to produce higher spatial resolution, comprehensive geochemical profiles of selected
drill holes for the Pickett Mountain deposit and characterize as well as differentiate lithological units. The
secondary goal was to determine the reliability of pXRF as a tool for lithogeochemical and
chemostratigraphic analysis of the Pickett Mountain deposit lithology. Eight drill holes were selected for
comprehensive drill core analysis with a ThermoScientific™ Niton™ XL3t GOLDD+ XRF analyzer in
combination with a XL3 Series Portable SmartStand and the ThermoScientific™ NDT software. The
results from pXRF analyses of Pickett Mountain drill core show that Zr/TiO2, Zr/Al2O3, TiO2/Al2O3, and
Zr/Nb ratios are useful in discriminating between these chemostratigraphic units that occur in East and
West lenses of the Pickett Mountain deposit. The average HFSE ratios of the pXRF analysis, though not a
perfect match to the whole-rock chemostratigraphic data, can be used to effectively differentiate the
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volcanic chemostratigraphic units of the Pickett Mountain deposit. Additionally, the pXRF data shows
footwall sedimentary rocks likely formed in more anoxic conditions and the hanging wall rocks deposited
under increasingly oxygenated conditions through the development of the evolving back-arc basin. With a
robust methodology of sample collection, preparation, and analysis as well as QA/QC and data
processing, the quantitative value of pXRF data is maximized. The methodology presented here has
produced results, limited by absence of Y in the analyzer default settings, which are similar to data results
from Wolfden Mt. Chase LLC’s own whole-rock geochemical data, making pXRF technology a cost and
time-effective and reliable alternative to conventional methods of geochemical data acquisition.
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APPENDIX A
PICKETT MOUNTAIN DEPOSIT HOST ROCK ZIRCON GRAINS WITH ANALYSIS SPOTS

Figure A.1. Cathodoluminescence images of zircon grains from the Pickett Mountain deposit footwall
sample [4775-480].
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Figure A.1 continued.

102

Figure A.2. Cathodoluminescence images of zircon grains from the Pickett Mountain deposit hanging
wall sample [P19005].
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Figure A.2 continued.
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APPENDIX B
ASSESSMENT OF DRILL CORE LOGGING VIA WHOLE-ROCK GEOCHEMICAL DATA
Introduction
The Pickett Mountain volcanogenic massive sulfide (VMS) deposit is hosted by a suite of heavily
deformed volcanic and sedimentary rocks (Ekren and Frischknecht, 1967; Neuman, 1967; Scully, 1989).
The lithogeochemical portion of this study relies on the use of high-field strength elements (HFSE) to
characterize and differentiate geologic/tectonic settings and stratigraphic units. Heavy alteration and
deformation can often cause misinterpretation when implementing visual core logging and major element
oxide geochemistry. One of our goals is to assess Wolfden’s Pickett Mountain core logging of rock types
and stratigraphy using HFSE geochemical data. From this assessment, using Wolfden’s whole-rock multielement core data, we can propose a modified stratigraphy and multi-element data set for 36 drill holes.
In the past and recent studies, the use of lithogeochemistry has become a critical tool in the
exploration and development of VMS deposits (Baragar, 1966; Irvine and Baragar, 1971; Condie, 1976;
Winchester and Floyd, 1977; Whitehead and Goodfellow, 1978; Lentz et al., 1996; Piercey, 2009; Shanks
and Thurston, 2012, etc). One major advancement in the field of lithogeochemistry is the use of majorelement oxides (FeO*, Fe2O3, MgO, K2O, Na2O, and SiO2). This advancement helped to delineate rock
types and stratigraphic units through moderate-heavy deformation, a common characteristic of VMS
deposits (Lentz et al., 1996; Galley et al., 2007; Piercey, 2009). An issue occurs, however, when using
major-element geochemistry to characterize geological/tectonic settings and rock types of VMS deposits:
hydrothermal alteration. Large-ion lithophile elements (LILEs), like Si, Fe, K, Na, Ca, Na, and Fe, are
well-known to be extremely mobile in even low-temperature hydrothermal activity (Winchester and
Floyd, 1977; MacLean and Barrett, 1993; Lentz et al., 1996). Geochemistry using minor and trace
elements, particularly HFSE (Al, Ti, Nb, Y, Zr, Th, Sc, and V), has provided a more reliable framework
for discrimination and classification of altered volcanic rocks (Condie, 1976; Winchester and Floyd,
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1977; Finlow-Bates and Stumpfl, 1981; MacLean and Barrett, 1993; Pearce, 1996; Lentz et al., 1996;
Hastie et al., 2007). HFSE are resistant to hydrothermal alteration due to their high ionic potential (White,
2011) and make reliable geochemical discriminants for geological/tectonic settings and rock types in
altered volcanic settings.
Results
The Zr/Ti vs Nb/Y diagram (Pearce, 1996) is a useful compositional discrimination method for
altered volcanic rocks. Figures presented below represent whole-rock geochemical data from Pickett
Mountain core samples. The data only includes samples within logged volcanic and igneous units,
excluding those within logged sedimentary units as well as massive sulfide horizons. Figure B.1 shows
samples logged as felsic volcanic units. The majority of data plot within the rhyolite+dacite field as well
as the andesite and basaltic andesite fields while some data points plot in the basalt, trachyte,
trachyandesite, and phonolite fields. Figure B.2 shows samples logged as mafic, felsic, and intermediate
volcanic, igneous intrusive, and exhalative stratigraphic units. Most of the mafic volcanic samples plot
within the basalt field, while some plot within the andesite+basaltic andesite field as well as the
rhyolite+dacite field. The sample of felsic intrusive plots in the rhyolite+dacite field while the mafic
diabase (GAB) samples all plot within the basalt field, except for one outlier within the rhyolite+dacite
field. Samples in units logged as intermediate volcanics have a rhyolite+dacite composition. The seven
exhalitive samples, except for one plotting in the basalt field, plot within the rhyolite+dacite field.
Discussion
Chemostratigraphy is an important tool in understanding the structure and stratigraphy of a
deposit. Particularly at the Pickett Mountain deposit, it is critical to integrate chemostratigraphy with
logging to avoid the ambiguity created by heavy hydrothermal alteration and deformation. We reclassify
the compositional classification of rock types and reconsider the logged stratigraphy of drill holes based
on the ratios of HFSEs (Zr, Ti, Nb, Y), from Pearce (1996). We apply a simple criterion to accept or
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modify the interpretation of compositional rock type for each sample. Samples located in logged felsic
units must plot within the felsic-intermediate compositional fields to accept Wolfden’s logging. If those
samples plot within the mafic compositional fields, the logging is rejected and modified to reflect the
geochemical results. The same criterion is used for samples in logged mafic units, where logging is
accepted when samples plot as mafic-intermediate and rejected when they plot as felsic. These modified
compositional classifications of samples (Figures B.3 and B.4) are then compared back to drill core
logging. Samples with modified compositional classifications may be interpreted in multiple ways: (1)
alteration and/or deformation obscured the contact of two stratigraphic units and the sample indicates this
contact should be adjusted; (2) the sample indicates a thin, localized interval within a larger encompassing
stratigraphic unit; (3) the sample indicates an unrecognized stratigraphic unit within another unit or in
between two adjacent units and is added to the logging. Due to the incomplete nature of the geochemical
data, which restricts the scope of these interpretations, I recommend detailed chemostratigraphic
investigations of the newly proposed/modified stratigraphic units.
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Figure B.1. Initial Zr/Ti vs Nb/Y volcanic rock type classification diagram with whole-rock
geochemical data of felsic volcanic rock samples from recent Pickett Mountain drill cores (36).
Modified from Pearce (1996), which is modified from Winchester and Floyd (1977).
(FW=footwall; HW=hanging-wall; FP=feldspar porphyry; FVBX=felsic volcanic breccia;
FVLT=felsic volcanic lapilli tuff; FVTF=felsic volcanic tuff; QFP=quartz-feldspar porphyry TA=trachy-andesite)
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Figure B.2. Initial Zr/Ti vs Nb/Y volcanic rock type classification diagram with whole-rock
geochemical data of mafic volcanic, igneous intrusive, and exhalative horizon rock samples from
recent Pickett Mountain drill cores (36). Modified from Pearce (1996), which is modified from
Winchester and Floyd (1977). (FW=footwall; HW=hanging-wall; EXHLT=Exhalite; FI=felsic
intrusive; GAB=diabase; IV=intermediate volcanic; MVBX=mafic volcanic breccia;
MVTF=mafic volcanic tuff; T-A=trachy-andesite)

109

Table B.1 shows the major and trace-element compositional data from 36 Pickett Mountain
deposit drill cores. Included are the original logged rock classifications and modified classifications that
were used to amend core logging. Samples with modified compositional classifications, based on this
methodology, are highlighted within the data table below. This modified data can then be replotted in the
Zr/Ti vs Nb/Y classification diagram (Figures B.3 and B.4) and reliably used to classify the compositional
rock types of the Pickett Mountain deposit.
Appendix D contains drill core logging and select element/element ratio whole-rock geochemical
profiles of 36 Pickett Mountain drill holes. On the left-hand side of each figure is the original logging of
the drill core. Adjacent is the modified logging based on the method and interpretations of the
compositional classifications above.
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Figure B.3. Zr/Ti vs Nb/Y volcanic rock type classification diagram with modified whole-rock
geochemical data of felsic volcanic rock samples from recent Pickett Mountain drill cores (36).
Modified from Pearce (1996), which is modified from Winchester and Floyd (1977).
(FW=footwall; HW=hanging-wall; FP=feldspar porphyry; FVBX=felsic volcanic breccia;
FVLT=felsic volcanic lapilli tuff; FVTF=felsic volcanic tuff; QFP=quartz-feldspar porphyry TA=trachy-andesite)
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Figure B.4. Zr/Ti vs Nb/Y volcanic rock type classification diagram with modified whole-rock
geochemical data of mafic volcanic, igneous intrusive, and exhalative horizon rock samples from
recent Pickett Mountain drill cores (36). Modified from Pearce (1996), which is modified from
Winchester and Floyd (1977). (FW=footwall; HW=hanging-wall; EXHLT=Exhalite; FI=felsic
intrusive; GAB=diabase; IV=intermediate volcanic; MVBX=mafic volcanic breccia;
MVTF=mafic volcanic tuff; T-A=trachy-andesite)
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Table B.1. Major-element (wt.%) and trace-element (ppm) geochemical data of Pickett Mountain deposit core samples. (Struct.=structural
position; HW=hanging wall; FW=footwall)
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Table B.1. continued
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Table B.1. continued

134

Table B.1. continued

135
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APPENDIX C
WHOLE-ROCK GEOCHEMICAL DATA AND LITHOLOGY OF PICKETT MOUNTAIN DEPOSIT DRILL CORE
Pickett Mountain deposit drill core profiles, with select HFSE and major element ratios plotted downhole. See Appendix B for whole-rock data.
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APPENDIX D
PXRF GEOCHEMICAL DATA FOR PICKETT MOUNTAIN DEPOSIT DRILL CORE
Table D.1. Major oxide (wt %) and trace element (ppm) concentrations of Pickett Mountain deposit drill core samples from pXRF analysis.
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APPENDIX E
PXRF GEOCHEMICAL DATA AND LITHOLOGY OF PICKETT MOUNTAIN DEPOSIT DRILL CORE
Pickett Mountain deposit drill core profiles, with select HFSE and major element ratios plotted downhole. See Appendix C for pXRF data.
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